
 

 

ABSTRACT 

DIECK, CATHERINE BECK. PIP5K: Role in Plant Nuclear Function and Characterization 
of MORN Domain Structure. (Under the direction of Wendy F. Boss and Jose Alonso.) 
 

Phosphoinositides (inositol phospholipids and inositol phosphates, PI) are important 

molecules in cellular signaling, biotic and abiotic stress responses in animals and plants 

(Balla et al., 2009; Im et al., 2011). The cytosolic animal PI pathway is well characterized 

(Balla et al., 2009), and novel nuclear functions for phosphoinositides have been discovered 

(Barlow et al., 2010; Bunce et al., 2006). The PI pathway in plants is less well characterized 

and the functions of plant PIP5Ks are not well elucidated. However, several plant specific 

features have been described. Specifically, the ratio of phosphatidylinositol 4,5 bisphosphate 

(PtdIns(4,5)P2) to PtdIns4P is lower in plants than animals (Boss et al., 2006) and the 

Arabidopsis thaliana phosphatidylinositol 4–phosphate 5 kinase (PIP5K) family has 

subfamily B with a unique N-terminal membrane occupation and recognition nexus (MORN) 

domain (Mueller-Roeber and Pical, 2002)  This thesis focuses on the plant nuclear PI 

pathway and the PIP5K MORN domain.   

The initial hypothesis of this dissertation was that one or more plant PIP5K proteins 

localize to the nucleus and affect plant nuclear functions. Chapter 1 summarizes what is 

currently known about the plant nuclear PI pathway.   Isolation of the nuclear PIP5K proteins 

was not possible for a number of reasons: plant PIP5K activity in the nucleus was low, 

antibodies to the PIP5K proteins were not useful in plant cells, the size of the nuclear PIP5K 

is not determined and can vary between 45 to 90 kDa, and isolation of large quantities of 

nuclei from plant cells is difficult.   

A different approach to understanding the role of the nuclear PI pathway in plants 

was needed. The human PIP5K1α (HsPIP5K1α) is known to localize to the plasma 

membrane and the nucleus in human cells.  We hypothesized that expression of HsPIP5K1α 

in plants could increase nuclear PIP5K, nuclear PtdIns(4,5)P2, and affect nuclear functions. In 

Chapter 2 we describe the effects of expressing HsPIP5K1α in Nicotiana tobacum NT-1 cells 

on nuclear lipids and nuclear functions.   

 Two plant PIP5K proteins, with the unique N-terminal MORN domain, have been 

localized to the nucleus by GFP fluorescence (AtPIP5K9 (Lou et al., 2007) and 



 

 

OsPIP5K1(Ma et al., 2004)).  The MORN domain has been associated with the nucleus and 

nuclear division in the parasite Toxoplasma gondii (Gubbels et al., 2006).  It is likely that the 

MORN domain of the plant PIPKs affects their subcellular localization and function, we 

hypothesized that bioinformatic analysis of the plant MORN domain would reveal 

information about the potential function and origin of the PIPK MORN domain.  In Chapter 

3, we present analyses suggesting that the plant MORN domain proteins originated from one 

ancestral protein and that there are significant differences between the PIP5K protein MORN 

domain and other MORN domain proteins. 
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Abstract 
 

Nuclear localized inositol phospholipids and inositol phosphates are important for 

regulating many essential processes in animal and yeast cells such as DNA replication, 

recombination, RNA processing, mRNA export and cell cycle progression.  An overview of 

the current literature indicates the presence of a plant nuclear phosphoinositide (PI) pathway. 

Inositol phospholipids, inositol phosphates and enzymes of the PI pathway have been 

identified in plant nuclei and are implicated in DNA replication, chromatin remodeling, stress 

responses and hormone signaling. In this review, the potential functions of the nuclear PI 

pathway in plants are discussed within the context of the animal and yeast literature. It is 

anticipated that future research will help shed light on the functional significance of the 

nuclear PI pathway in plants.   
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Introduction 
 

The phosphoinositide (PI) pathway, including the inositol phospholipids and inositol 

phosphates, is an important regulator of cellular functions in animals and plants (Balla et al., 

2009; Meijer and Munnik, 2003).  The PI pathway requires the production of myo-inositol-3-

phosphate (InsP) from glucose 6- phosphate (Glu-6-P) by myo-inositol phosphate synthase 

(IPS or MIPS). InsP can be converted into Ins (1,4,5)P3 by two different routes. In a lipid-

dependent route, inositol monophosphatase (IMP) produces inositol (Ins) that is converted to 

phosphatidylinositol (PtdIns) by phosphatidylinositol synthase (PIS). PtdIns is the first lipid 

of the PI pathway.  PtdIns can be phosphorylated to phosphatidylinositol phosphate 

(PtdIns3P or  PtdIns4P and in animals PtdIns5P), which can be further phosphorylated to 

phosphatidylinositol bisphosphate (PtdIns(3,4)P2, PtdIns(3,5)P2 or PtdIns(4,5)P2), and in 

animals, to phosphatidylinositol trisphosphate (PtdIns(3,4,5)P3). Phospholipase C (PLC) 

hydrolyzes the lipid PtdIns(4,5)P2 to produce the second messengers, inositol trisphosphate 

(InsP3) and diacylglycerol (DAG). A PtdInsP2 5-phosphatase can decrease PtdInsP2 and 

increase PtdIns4P. The alternative lipid independent route (also known as the inositol 

phosphate pathway) can use myo-inositol phosphate (InsP) and inositol phosphate kinases to 

generate inositol bisphosphate (InsP2) and inositol trisphosphate (InsP3). Once formed by 

either the lipid-dependent or independent pathways, InsP3 can be converted to higher 

polyphosphorylated inositol phosphates (including InsP4, InsP5, InsP6, InsP7, and InsP8) by 

inositol phosphate kinases.  A schematic of the PI pathway including the enzymes and 

products is shown in Figure 1. For in depth reviews of the plant PI pathway the reader is 

directed to: Im et al., 2011; Heilmann, 2009; Gillaspy, 2011; Valluru and Van den Ende, 

2011.  

In animal cells, the nuclear PI pathway is regulated independently from the plasma 

membrane (PM) PI pathway and plays a critical signaling role in nuclear functions (Barlow 

et al., 2010; Bunce et al., 2006; Gonzales and Anderson, 2006; Monserrate and York, 2010; 

York, 2006; Ramazzotti et al., 2011; Tsui and York, 2010; Irvine, 2003; Barker et al., 2009; 

Mellman and Anderson, 2009; Keune et al., 2011; Di Paolo and De Camilli, 2006; Seeds et 

al., 2007). It is well established that the nuclear phosphoinositides (PIs) regulate many 

processes including: nuclear size, nuclear membrane reassembly, chromatin structure, DNA 
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replication, localization of transcription factors, transcription, RNA splicing, mRNA export, 

and cell cycle progression in animal and yeast cells (as depicted in Figure 2).  

Plants and animals both have a complex nuclear structure (reviewed in Cheung and 

Reddy, 2012) and each structural component of the nucleus is potentially a site for diverse 

PIs and PI pathway-mediated signaling. The structural components include outer and inner 

nuclear envelopes (which create a double membrane between the cytoplasm and nucleoplasm 

generating an intramembrane space around the nucleus, reviewed in Meier and Brkljacic, 

2009, Boruc et al. 2012), nuclear pore complexes (the site of active transport between the 

nucleoplasm and the cytoplasm, reviewed in Boruc et al.,  2012), nucleoplasm (similar to 

cytoplasm), nuclear matrix (structural scaffold for nuclear content, reviewed in Hancock, 

2000), chromatin (DNA, protein and metabolites that hold together the tertiary structure of 

DNA), and nucleoplasmic reticulum (invaginations of the endoplasmic reticulum in the 

nucleus, reviewed in Malhas et al.,  2011). Current studies of the nuclear membrane in plants 

and animals suggest a similar mechanism for breakdown and reformation during nuclear 

division (reviewed in Rose et al., 2004; Lloyd and Chan, 2006), suggesting a common origin 

of the nuclear division. Considering the conservation in nuclear structure, it is not surprising 

to find that many plant nuclear functions are potential targets of PI pathway regulation, and 

evidence is mounting for a nuclear PI pathway in plants similar to animal and yeast systems. 

 In the following sections, we present evidence  from the current literature, for the  

existence of nuclear PIs in plants and discuss potential roles of the plant nuclear PI pathway 

in  cell cycle regulation, DNA synthesis, transcription and RNA processing, stress and 

hormone responses.   However, since our knowledge and understanding of the plant nuclear 

PI pathway is still limited, we are including relevant examples from the animal and yeast 

literature in order to highlight the functional significance of these findings and to draw the 

readers’ attention to promising areas for further investigation.  

 
The PI pathway enzymes are present in plant nuclei 
 

Plant PI pathway enzymes have multiple isoforms and their expression, subcellular 

localization or activities may differ between isoforms in different developmental stages, cell 

types or environmental conditions (Heilmann, 2009; Mueller-Roeber and Pical, 2002). 
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Nevertheless, many of the enzymes and lipids of the animal nuclear PI pathway have been 

identified in plant nuclei and these are listed in Table 1.  

Many of the plant PI pathway enzymes exhibit dynamic and specific patterns of sub-

cellular localization.  The Arabidopsis PIP5K isoforms are the best studied example. In silico 

prediction places several of the AtPIP5K proteins in the nucleus with 1, 4, 5, 6, 9, and 11 

containing possible NLS sequences (WoLF PSORT 2011, Horton et al., 2007). To date only 

GFP-tagged AtPIP5K9 has been shown to localize to both the nucleus and the PM in 

transient expression assays in onion cells (Lou et al., 2007), but many of the other AtPIP5K 

isoforms have been found localized to the PM (Camacho et al., 2009; Kusano et al., 2008; 

Stenzel et al., 2008; Ischebeck et al., 2011). Transient GFP expression studies can provide 

results that are difficult to interpret and PIP5Ks turnover rapidly and are difficult to detect 

with antibodies (Camacho et al., 2009). Biochemical studies have shown PIP5K activity 

associated with isolated nuclei (Hendrix et al., 1989; Dieck et al., unpublished) suggesting 

the presence of a nuclear localized PIP5K, therefore it will be important to determine 

whether the PIP5Ks transiently localize to the nucleus. 

Nuclear PI-PLC activity has also been demonstrated in plants using PtdIns as a 

substrate (Pfaffmann et al., 1987); however the nuclear PI-PLC isoforms have not been 

identified. Of the nine AtPLC proteins in silico prediction suggests that AtPLC6 

(AT2G40116), AtPLC4 (AT5G58700) and AtPLC1 (AT5G58670) may be nuclear targeted 

(WoLF PSORT 2011, Horton et al., 2007). More genetic, biochemical and in vivo and data 

are needed to delineate the localization and effects of the nuclear versus PM localized 

PIP5Ks, PI-PLCs and other PI pathway enzymes on plant growth and development.  

 

The PI pathway lipids are present in plant nuclei  
 

The nuclear envelope encloses the nucleus and creates a barrier between the 

nucleoplasm and the cytoplasm, and is the first point for signaling in the nucleus (reviewed 

Boruc et al., 2012). The ratios of phospholipids in plant nuclei have been determined e.g., 

PtdCho>PtdEtn>PtdIns >PtdSer (Philipp et al., 1976). PtdIns constitutes between 8 to 15 

percent of the total phospholipids in different nuclear fractions (onions roots and stems, 

Philipp et al.,  1976; wheat seedlings, Minasbekyan et al.,  2004; tobacco cells grown in 
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suspension culture, Dieck et al., unpublished results).  Subnuclear localization of the lipids is 

also important.  In wheat embryos three days after germination, PtdIns was found in both the 

nuclear membrane and chromatin, while PtdOH was found in the nuclear membrane, but was 

not associated with chromatin. While only the dry embryos had PtdOH associated with the 

chromatin (Minasbekyan et al., 2004), the nuclear membrane and chromatin had similar 

ratios of most lipids. Additionally, multiple labs have demonstrated the presence of PtdInsP2 

in the plant nucleus either directly (König et al., 2008) or through YFP-PH domain constructs 

that bind PtdInsP2 (Mishkind et al., 2009) and phosphatidylinositol 4-phosphate 5-kinase 

(PIP5K) activity has been identified in the plant nucleus (Hendrix et al., 1989; Dieck et al., 

unpublished results) highlighting the localization of PtdInsP2 and at least one plant PIP5K 

isoform to the nucleus. Importantly, the percentage of polyunsaturated fatty acids (PUFAs) in 

nuclear enriched fractions of PtdIns, PtdInsP, and PtdInsP2 are different from those found in 

the PM (König et al., 2008), suggesting sub-cellular specificity of lipid fatty acid 

composition.   

The phospholipid composition of plant and animal nuclear membranes is conserved.  

The amount and location of phospholipids in animal nuclei and their effects on nuclear 

processes have been well studied (reviewed Irvine 2003). Animal nuclei and nuclear 

membranes have a phospholipid profile similar to plant nuclei of PtdCho> PtdEtn> PtdIns> 

PtdSer (Kleinig, 1970). This general profile is also very similar to lipids in the PM (Kleinig, 

1970). PtdIns comprises about 10% of the phospholipids in the nucleus, comparable to the 

amount in the PM, and many of the PI pathway enzymes and lipids have been identified in 

the nucleus (reviewed in Barlow et al., 2010; Bunce et al., 2006; Gonzales and Anderson, 

2006; Monserrate and York, 2010; York, 2006; Ramazzotti et al., 2011; Tsui and York, 

2010; Irvine, 2003; Barker et al., 2009; Mellman and Anderson, 2009; Keune et al., 2011; 

Gillaspy, 2011; Di Paolo and De Camilli, 2006).  Although most lipids in animal and plant 

nuclei identified so far are similar, it is likely that species-specific inositol lipids and other 

uncharacterized inositol lipids will be found in the nucleus of plants, animals and yeast. For 

example, in yeast, a very-long-chain fatty acid PtdIns lipid species with 26 carbons (26:0) is 

present in both the nuclear membrane and PM.  The PtdIns 26:0 lipid species could help 
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stabilize highly curved membrane domains and may be important for the formation of the 

nuclear pore complex (Schneiter et al. 2004).    

Animal nuclei have similar inositol phospholipids to plant nuclei including PtdIns, 

PtdInsP and PtdInsP2, as well as the animal-specific lipid PtdInsP3 (Garnier-Lhomme et al., 

2009). Data from animal cells suggests that the polyphosphorylated inositol phospholipids 

may be involved in nuclear membrane fusion. Analysis of nuclear envelope remnants from 

0.1% nonionic detergent extraction using mass spectrometry (HPLC-ESI-MS/MS) revealed 

high levels of phosphorylated inositol phospholipids, (12% PtdInsP and PtdInsP2, and 9% 

PtdInsP3) compared to total nuclear lipids (Garnier-Lhomme et al., 2009).  Isolated vesicles 

associated with nuclear membrane fusion also contain high inositol phospholipid levels as 

determined by lipid mass spectrometry (20% PtdIns, 20% PtdInsP, 10% PtdInsP2 and 10% 

PtdInsP3) (Byrne et al., 2007). These vesicles have a higher propensity for fusion (Zhendre et 

al., 2011) as well as enhanced PLCγ association (Byrne et al., 2007).  Nuclear membrane 

assembly normally requires GTP for Ran-mediated activity; however, the addition of PI-PLC 

can overcome this requirement, and cause nuclear membrane fusion without added GTP. The 

DAG formed by PI-PLC has been shown to induce nuclear membrane vesicle fusion (Barona 

et al., 2005).  Current studies of the nuclear membrane in plants and animals suggest a 

similar mechanism for breakdown and reformation during nuclear division (reviewed in Rose 

et al., 2004; Lloyd and Chan, 2006), which suggests the PI pathway may also be important in 

plant nuclear membrane fusion/reassembly.  

The outer nuclear membrane, which is contiguous with the endoplasmic reticulum, 

allows for crosstalk between the nucleus and other cellular compartments like the cytosol and 

ER in plants and animals (reviewed in Raben et al., 1994, Boruc et al., 2012). In animals, 

sites for synthesis of PtdIns, PtdInsP and PtdInsP2 are found in the outer nuclear envelope 

and the flow of PI lipids between the outer and inner nuclear envelope gives evidence that 

changes in the PI lipids between envelopes are connected (Slomiany and Slomiany, 2011).   

Nuclear lipids and inositol phosphates can also affect signal transduction via ion channels 

and membrane bound receptors which regulate the amount of calcium and other ion transport 

from the intramembrane space across either the outer or inner nuclear membrane (Matzke et 

al., 2010). It is hypothesized that nuclear calcium signaling can be independent of cytosolic 
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signaling both in animals and plants (Fedorenko et al., 2010; reviewed in Malviya and 

Rogue, 1998; Pauly et al., 2000). One of the receptors found in animals that can control 

calcium flux is the inositol trisphosphate receptor (InsP3R). InsP3-mediated nuclear calcium 

signals have been measured even when cytosolic InsP3 signals are inhibited by heparin, 

which competes with the cytosolic InsP3-binding site but which can not cross the nuclear 

pore (Chamero et al., 2008). In animal cells, the InsP3R has been identified in the 

nucleoplasm (Huh and Yoo, 2003) and on the inner nuclear membrane (Malviya, 1994) 

providing further evidence for an InsP3 response in the nucleus. The nucleoplasmic reticulum 

connects the endoplasmic reticulum and outer nuclear envelope to the intranuclear space 

(reviewed in Bootman et al., 2009).  Nuclear calcium signals have been localized to a 

nucleoplasmic reticulum in animals (Echevarría et al., 2003) and it is possible the InsP3R 

receptors localize to the nucleoplasmic reticulum. In plants nuclear invaginations similar to 

the nucleoplasmic reticulum have been observed (Collings et al., 2000), which provides a 

structural context for localized nuclear signaling in plants.  Although a homologue for the 

animal InsP3R has yet to be identified in plants (Krinke et al., 2007) a number of studies have 

shown that InsP3 or other inositol phosphates play signaling roles in plants (reviewed in Im et 

al., 2010, Munnik and Nielsen, 2011), leaving the possibility for a noncanonical InsP3 

receptor in plants.   

The nuclear matrix is a protein scaffold that supports the nucleus and creates structure 

for chromatin localization. Animal nuclear matrix PI pathway enzyme activities analysis 

revealed phosphatidylinositol 4-kinase (PI4K) activity associated with the nuclear periphery 

and PIP5K, PLC, and diacylglycerol kinase (DAGK) activities associated with the inner 

nuclear matrix (Payrastre et al., 1992).  Intra-nuclear as well as nuclear matrix associated 

enzyme activities (as reviewed in Cocco et al. 2009, Irvine 2003) suggest that PI pathway 

enzymes in the nucleus are not just nuclear membrane contamination, but could be 

specifically localized to particular sub-nuclear areas for specific nuclear functions. The 

presence of PI lipids and enzymes (Table 1) in plant nuclei  makes a compelling argument 

that there is a plant nuclear PI pathway as well (König et al., 2008; Mishkind et al., 2009; 

Bunney et al., 2000; Minasbekyan et al., 2004; Minasbekyan et al., 2008; Hendrix et al., 

1989).  
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The PI pathway and cell cycle control 
 
 Changes in phosphoinositides during the cell cycle have been documented in plants. 

In coffee plants induction of somatic embryogenesis with hormones causes a transient 

increase in PI pathway activity followed by decreased activity as measured by [γ32P]ATP 

labeling of endogenous PtdIns3P and PtdIns4P (Ek-Ramos et al.,  2003). Treatment with the 

PI3/4K inhibitor wortmannin (5 μM) delayed development during somatic embryogenesis, 

specifically the differentiation from heart to torpedo stages.  Treatment was time sensitive, 5 

μM wortmannin for 8 days resulted in accumulation of globular and torpedo stages while 38 

days of treatment resulted in accumulation of globular and heart stages (Ek-Ramos et al., 

2003). This shift suggests that blocking the PI pathway inhibits differentiation; however, 

because blocking the lipid kinases can have pleiotropic effects on membrane biogenesis and 

cytoskeletal structure, the results of these treatments are difficult to interpret.  

Additional inhibitor studies suggest a requirement for inositol for cell cycle 

progression in plants. Treatment of rose cells with lithium chloride (an inositol biosynthesis 

inhibitor) inhibited cell growth, and the addition of inositol overcame this inhibition (Das et 

al., 1987). Inhibition of myo-inositol production with deoxyglucose also inhibited cell cycle 

progression which could be overcome with exogenous myo-inositol (Biffen and Hanke 

1990). These data emphasize the importance of inositol for plant cell growth, but do not 

demonstrate a direct role for the PI pathway. It is essential to recall that inositol is an 

important plant metabolite essential for cell wall biosynthesis, ascorbic acid biosynthesis and 

can regulate carbon flux through glycolysis (Loewus and Murthy 2000).The multiple 

functions of inositol in plant cells make it particularly difficult to interpret studies that alter 

de novo inositol synthesis.   

A variety of experiments connect the animal nuclear PI pathway with cell cycle 

progression. Inhibition of PLC1 by expression of an antisense PLC1 transcript caused 

inhibition of cell cycle progression induced by the growth factor IGF-I. Conversely, when 

PLC1 was overexpressed increased cell cycle progression was detected (Manzoli et al., 

1997). Overexpression of a nuclear localized PLC1 increased cell cycle progression even in 

serum starved cells that would not have progressed through the cell cycle (Faenza et al., 



 

10 

2000). Nuclear localization of overexpressed PLC1 was critical for inhibition of 

differentiation of erythroleukemia cells, while a mutant cytosolic PLC1 did not inhibit 

differentiation (Matteucci et al., 1998). In addition, PI-PLC specific inhibitors led to G2 cell 

cycle arrest (Sun et al., 1997), while a PC-PLC specific inhibitor did not.  Inhibition of 

nuclear PLC is a current target of cancer therapy (reviewed Cocco et al., 2009).   

After synchronization of animal cells, in the G1/S phase radioactive analysis of  

isolated nuclei showed increased activity of PIP5K, PI4K and DAGK resulting in increased 

production of [32P] PtdInsP2, [
32P] PtdInsP and [32P] PtdOH, respectively (Clarke et al.,  

2001).  Steady state levels of the nuclear phosphoinositides PtdIns4P and PtdIns5P were 

found to increase while a trend towards decreased PtdInsP2 was observed (Clarke et al., 

2001). These results suggest that there is an increase in PtdInsP2 turnover probably caused by 

the increased nuclear PLCβ1 during cell cycle progression even though PIP5K activity is 

increased.  Localization of the increased PIP5K activity could also be at specific sub-nuclear 

sites. 

Changes in the fatty acid profile of nuclear PtdInsP2 have also been measured during 

cell cycle progression in animal cells. Decrease of nuclear PtdInsP2 during S phase 

progression can be specific for certain lipid molecular species (LMS), for example, HeLa cell 

nuclei showed decreased PtdInsP2 with a fatty acid composition of 34:0 during S phase 

progression (Ogiso et al., 2010). Surprisingly, nuclei contained a much lower amount of 

arachidonic acid containing lipids (for example 38:4) compared with whole cell lipids (Ogiso 

et al.,  2010). This suggests that the fatty acid composition of the nuclear PI lipids may be 

important for their regulation and localization, independent of the cytoplasm and PM.   

Cell cycle regulation can culminate in cellular death or apoptosis. In animal cells, 

Type I PI3K enzymes phosphorylate PtdIns(4,5)P2 to PtdIns(3,4,5)P3 which is a well known 

regulator of apoptosis.  The control of the amount of nuclear PtdInsP3 by specific PI3K and 

the PtdInsP3 specific phosphatase, phosphatase and tensin homologue deleted on 

chromosome ten (PTEN), regulates cellular survival with more PtdInsP3 leading to 

proliferation and less PtdInsP3 leading to cellular death and cell cycle arrest (Reviewed by 

Gil et al.,  2007). Additional roles for the PTEN and PI3K proteins that do not require their 

inherent lipid phosphatase or lipid kinase activity have been discovered (Song et al., 2011, 
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Bondeva et al., 1998). Interestingly, Pribat et al. (2012) recently characterized two novel 

plant PTEN proteins in A. thaliana, AtPTEN2a and AtPTEN2b, which utilize PtdIns3P 

instead of PtdIns(3,4,5)P3. This reveals a potential plant-specific nuclear signaling pathway 

since plants have a nuclear PI3K which could produce PtdIns3P (Bunney et al., 2000) as a 

possible substrate for a PTEN2 protein.  
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The PI pathway and DNA synthesis 
 

In plants, components of the PI pathway may regulate DNA synthesis. In soybean 

cells, inhibition of PLC activity with the chemical inhibitor U-73122 (5 μM concentration) 

decreased InsP3 and concomitantly decreased DNA synthesis by > 30 percent. When MS 

media was added with the PLC inhibitor U-73122, soybean cells did not show significantly 

decreased DNA synthesis. PLC activity, measured by InsP3 produced, was higher under MS 

salt conditions compared with a water control, suggesting that an U-73122  resistant PLC 

activity could still produce enough InsP3 and/or InsP2 to activate DNA synthesis (Shigaki and 

Bhattacharyya, 2002) and raises the intriguing possibility that inhibitor action on enzymes 

may be affected by the subcellular localization of enzymes.  Human DNA polymerase α has 

been shown to be activated by InsP2 in vitro (Sylvia et al., 1988), but the affect of inositol 

phosphates on plant DNA polymerases has not been studied.  As previously discussed, PI-

PLC activity with PtdIns substrate has been detected in plant nuclei (Pfaffmann et al., 1987) 

although the specific nuclear localized isoform has not been identified.   It is likely that cell 

cycle or cellular developmental stages will control the nuclear localization of these PLCs as 

is found in animal cells.  

In animals, lipids in the PI pathway have been shown to interact with DNA and may 

regulate DNA replication (reviewed in Kuvichkin 2002; Koiv et al., 1995). Studies have 

shown PtdInsP to decrease α, δ and ε DNA polymerase activity (Shoji-Kawaguchi et al., 

1995). The inhibition of polymerase activity was not confined to PtdInsP as PtdIns inhibited 

DNA polymerase ε activity and PtdOH inhibited DNA polymerase α and ε activity. The fatty 

acid composition of PtdIns was a critical factor (Shoji-Kawaguchi et al., 1995) as plant 

PtdIns (enriched in linoleic (18:2) and palmitic acids (16:0)) inhibited both DNA polymerase 

α and ε, while animal PtdIns (enriched with arachidonic acid) only inhibited DNA 

polymerase ε. Furthermore, Ishimaru et al., (2010) showed that animal topoisomerases I and 

II (involved in DNA synthesis) could be inhibited by PtdOH. Topoisomerase II activity was 

also inhibited by PtdIns (Ishimaru et al., 2010) and by PtdInsP2 (Lewis et al., 2011).  The 

results indicate that specific isoforms of DNA polymerase and topoisomerase can be 

regulated by selective lipids in the PI pathway.   It will be interesting to see if plant DNA 
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polymerases and topoisomerases are regulated by inositol phospholipids and inositol 

phosphates as suggested by research from Shigaki and Bhattacharyya (2002).  

The PI pathway and regulation of transcription and RNA processing  
 

The PI pathway may play a role in transcription in plants.  Exogenously added 

PtdIns4P and PtdIns5P caused differential gene expression in A. thaliana (Alvarez-Venegas 

et al., 2006b), although the mechanisms of the phospholipid effects are unknown.  Detergent 

resistant PI3K and PI4K activities were detected in soybean nuclei, and the PI3K protein 

showed intranuclear localization that coincided with sites of BrUTP incorporation (Bunney et 

al., 2000). However, an increase in PI3K activity is associated with root nodule formation 

(Hong and Verma, 1994) and a YFP-2xFYVE construct that recognizes PtdIns3P (the 

product of PI3K) co-localizes with endocytic vesicles in vivo (Vermeer et al., 2006).  These 

results indicate PtdIns3P has a prominent role in vesicle trafficking in plants.  Specific 

functions of PtdIns3P, PtdIns4P and PtdIns5P in plant nuclei have yet to be determined.   

Some insights into the function of the PI pathway intermediates in transcription and 

RNA processing can be gleaned from the animal and yeast literature. Inositol phospholipids 

and/or inositol phosphates affect RNA processing from transcription to mRNA export. Early 

studies tested the affect of lipids on transcriptional activity by adding lipid vesicles to 

isolated nuclei. PtdIns decreased total RNA synthesis, while vesicles of another 

phospholipid, phosphatidylserine, could increase RNA synthesis (Manzoli et al., 1982). A 

later study examined the effect of PtdIns, PtdIns4P, PtdInsP2, and PtdIns(3,4,5)P3 on 

transcription in vitro in the presence of chromatin and histone H1 (Yu et al., 1998). PtdInsP2 

decreased the inhibition of RNA polymerase activity by H1 by 62% (Yu et al., 1998).  This 

effect is specific for PtdInsP2 as PtdIns4P and PtdIns(3,4,5)P3 decreased RNA polymerase 

inhibition by less than 15% and PtdIns had no effect. PtdInsP2 transcription activation may 

be indirect through the regulation of histone H1; however, antibodies to PtdInsP2 

immunoprecipitated RNA polymerase and transcription factors from nuclear extracts  

suggesting a more direct interaction between PtdInsP2 and the transcriptional machinery 

including RNA polymerase (Osborne et al., 2001; Lewis et al., 2011). PtdInsP2 also appears 

to be important for transcription in vivo; the mutant in the nuclear PIP5K skittles in D. 
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melanogaster had decreased transcriptionally active chromatin compared with wild type 

(Cheng and Shearn, 2004).  

RNA polymerase activity is also affected by transcription factors that bind other lipid 

and inositol phosphate components of the PI pathway. For example, Gozani et al. (2003) 

showed that the plant homeodomain (PHD) finger of tumor suppressor protein INhibitor of 

Growth 2 (ING2) bound specifically to PtdIns5P, and that increases in PtdIns5P in vivo 

affected the localization of endogenous ING2 visualized by immunohistochemistry. 

Transcription factors with novel phosphoinositide binding domains continue to be identified 

like the human transcription factors LRH-1 and SF-1, which are NR5 orphan nuclear 

receptors. The ligands for these receptors had not been identified, but a crystal structure 

suggested lipid binding and in vitro assays showed specific binding to PtdIns(3,5)P2 and 

PtdIns(3,4,5)P3 (Krylova et al., 2005) suggesting that these NR5 receptors are inositol 

phospholipid receptors similar to ING2.  Additionally, PtdIns5P labeled with Bodipy-TR, 

PtdIns3P-Bodipy-TR and PtdIns4P-Bodipy-TR showed qualitatively distinct nuclear 

fluorescence patterns (Gozani et al., 2005). Arabidopsis contains 83 PHD finger containing 

proteins with many similar to ING2 that may bind inositol phospholipids or inositol 

phosphates (Lee et al., 2009).  These results suggest that each plant nuclear PI lipid may have 

specific sub-nuclear localization and potential effects on unidentified lipid binding 

transcription factors.  

In addition to phospholipids in the PI pathway, the inositol phosphate kinases (IPK) 

and the inositol phosphates have been shown to regulate transcription. First discovered as 

Arg82, a protein component of a transcriptional complex needed for arginine specific 

responses in yeast, IPK2 has been identified as a regulator of transcriptional complexes 

(Odom et al., 2000). The inactive IPK2 enzyme did not recover an IPK2 mutant phenotype, 

suggesting that the inositol phosphate products of IPK2, InsP4 or InsP5, are important for 

transcriptional control. Further research is needed in order to understand the role of the PI 

pathway in transcriptional regulation as IPK2 mutants also have defects in chromatin 

remodeling (Steger et al.,  2003), which can mimic a transcription factor defect.      

mRNA processing is an important step to ensure the correct template for translation 

prior to mRNA export. PtdInsP2 has been identified in nuclear speckles associated with RNA 
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processing and depletion of nuclear PtdInsP2 decreased mRNA splicing (Osborne et al., 

2001). Polyadenylation of mRNA transcripts is an important step in mRNA processing and a 

non-canonical poly-A polymerase, Star-PAP, has been identified that is activated by PtdInsP2 

in vitro and in vivo.  Star-PAP binds the human HsPIP5K1α and during hyperosmotic stress 

HsPIP5K1α and Star-PAP regulate a number of specific mRNAs through PtdInsP2 dependent 

poly-A tail elongation (Mellman et al., 2008). Independent of the hyperosmotic stress 

response, HsPIP5K1α and Star-PAP are recruited by protein kinase C δ (PKCδ) to regulate 

the DNA damage/apoptosis response gene BIK by increasing BIK transcript poly-A tail 

length and subsequently increasing BIK protein expression (Li et al. 2012). 

Along with mRNA polyadenylation, some mRNA and tRNA transcripts undergo 

further processing known as RNA editing where nucleotides are replaced in the RNA 

transcript.  The enzymes for both mRNA editing (ADAR2) and tRNA editing (ADAT1) bind 

InsP6 and require InsP6 for enzyme stability as well as for ADAR2 activity (Macbeth et al., 

2005). The requirement for InsP6 in mRNA editing highlights the need for the study of the 

inositol phosphate pathway in the nucleus as select nuclear processes can be important for 

producing the correct mRNA sequence, which will affect the final protein sequence and 

expression.  Efficient export of mRNA can also require InsP6 and the PI pathway (Alcázar-

Román et al., 2006; Weirich et al., 2006; York et al., 1999).  

The combinatorial regulation and complexity of the animal nuclear PI pathway is 

highlighted by the existence of cell signaling pathways regulated by HsPIP5K1α, the 

necessity of PtdInsP2 for mRNA splicing and inositol phosphate requirements in RNA 

editing.   Roles of the plant nuclear PI pathway in mRNA splicing, polyadenylation and 

stability have yet to be described. 

 

The PI pathway and chromatin remodeling in plants and animals 
 

Chromatin is made up of DNA and proteins. The structure of the chromatin controls 

replication, transcription and localization of the DNA. Basic chromatin structure can be 

divided into two functional states: repressed or non-active chromatin (heterochromatin) and 

open or active chromatin (euchromatin).  The affect of the PI pathway on chromatin 
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remodeling in plants is still unclear, while a number of studies have shown the PI pathway is 

important for histone modification and chromatin remodeling in animals.     

At least one plant chromatin remodeling enzyme that is sensitive to PI pathway lipids 

has been described.  The chromatin remodeling protein ATX1, a histone trimethylase, has a 

PHD that binds PtdIns5P (Alvarez-Venegas et al., 2006a).  Localization of ATX1 is affected 

by the lipids in the cell.  Exogenously added PtdIns5P results in the relocalization of ATX1 

from the nucleus to the PM and subcellular vesicles, and the ATX1-dependent H3K4 

trimethylation is decreased (Alvarez-Venegas et al., 2006a).  In vivo, overexpression of the 

PM localized phosphoinositide 3-phosphatase myotubularin (MTM), that hydrolyzes 

PtdIns(3,5)P2 to increase PM PtdIns5P, causes ATX1 localization to the PM (Ndamukong et 

al., 2010).  It will be interesting to investigate the effect of increased nuclear PtdIns5P on 

ATX1 localization.   We anticipate that further investigations will identify other chromatin 

remodeling and transcription factors that bind to the PI pathway components in plants.   

Histone modification and chromatin remodeling are affected by PI pathway lipids and 

inositol phosphates in animals. Lipid analysis of isolated animal chromatin revealed that 

different amounts of lipids are associated with heterochromatin and euchromatin. In addition, 

higher turnover rates of lipids are associated with euchromatin (Rose and Frenster 1965). 

Furthermore, hydrolysis of nuclear phospholipids via PLC changes the chromatin structure 

(Maraldi et al., 1984).  

The skittles mutant in D. melanogaster, which lacks the nuclear localized PIP5K, has 

hyperphosphorylated histone H1, a biochemical marker of hyper-compacted heterochromatin 

(Cheng and Shearn, 2004). Yu et al., (1998) showed that both histones H3 and H1 could bind 

to PtdIns(4,5)P2 and that a specific binding site for PtdIns(4,5)P2 in the C terminal tail of 

histone H1 overlapped with a phosphorylation site, suggesting that lipid binding could affect 

histone phosphorylation. In addition to the affect of PtdInsP2 on histone H1 function, 

remodeling complexes are also affected by the PI pathway. The Brg-associated factor (BAF) 

remodeling complex in animals binds PtdInsP2 (Rando et al., 2002), and PtdInsP2 

activates/stabilizes BAF chromatin binding and activity (Zhao et al., 1998).  Small 

metabolites, like the inositol phosphates, can also affect remodeling complex activities 

(reviewed in Burgio et al., 2010). Particular inositol phosphates have specific activities, for 
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example InsP6 has an inhibitory effect on remodeling complexes, while InsP4 and InsP5 can 

activate similar complexes (Shen et al., 2003). Changes in the inositol phosphates were also 

shown to affect chromatin remodeling in vivo (Steger et al., 2003).  

 

The PI pathway and plant stress responses  
 
 A variety of PI pathway enzymes are important for the regulation of stress responses, 

and some of these proteins localize to the nucleus, suggesting a direct nuclear signaling 

capacity (Gillaspy, 2011). Both 5Ptase13 and 5Ptase7, members of a large family of 5Ptase 

enzymes in plants, have been localized to the nucleus and are required for different stress 

responses. 5Ptase13 interacts with SnRK1 and regulates responses to sugar and nutrient 

stress by stabilizing SnRK1 activity (Ananieva et al., 2008). The 5Ptase7 is both nuclear, and 

PM localized and may help modulate the response to salt stress as 5Ptase7 mutants are 

hypersensitive to salt.  Salt stress induced reactive oxygen species (ROS) in the nucleus (as 

measured by H2DCFDA fluorescence) and stress responsive transcripts are significantly 

reduced in 5Ptase7 mutants compared with wild type plants (Kaye et al., 2011).  

Plant phosphate stress is an important agronomic concern, and phosphate sensing has 

been linked to inositol phosphates in yeast. The phenotype of the IPK1 mutation in A. 

thaliana suggests that the PI pathway also is important for phosphate sensing in plants.  

When IPK1 is mutated, the IPK1 transcript decreased 70% and the total InsP6 decreased by 

82.5% in seeds and over 90% in seedlings (Stevenson-Paulik et al., 2005).  ipk1 plants 

exposed to normal levels of phosphate continue to accumulate phosphate as if they were 

lacking phosphate and ultimately suffer from phosphate toxicity suggesting that IPK1 (or its 

inositol phosphate product InsP6) is important for normal phosphate sensing.  ipk1 mutant 

plants are also more susceptible to pathogens; however, the fact that not all InsP6-deficient 

plants are pathogen sensitive suggests that a selective pool of InsP6 or IPK1-sensitive 

responses control pathogen response (Murphy et al., 2008).  Decreased IPK1 activity in the 

ipk1 mutant also leads to an accumulation of InsP5, which has a role in increasing jasmonic 

acid sensing, and can affect the pathogen response as discussed below.  

Cellular PtdInsP2 production was increased six fold with a heat stress treatment of 

40oC for 30 minutes, and heat stress also caused accumulation of the YFP-PH domain, 
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(capable of binding PtdInsP2) in the nucleus of Arabidopsis cells (Mishkind et al.,  2009). 

Increased nuclear PtdInsP2 could result from increased nuclear localization or activation of 

PIP5K or decreased PtdInsP2 catabolism. The biological relevance of increased YFP-PH 

accumulation in the nucleus is not yet clear since the high temperature may affect membrane 

dynamics.  Membrane-associated PtdInsP2 has been shown to increase with senescence 

(Borochov et al., 1994).  

Similar to the previously discussed fatty acid composition changes in the animal 

nuclear PI pathway during the cell cycle (Ogiso et al., 2010), dynamic and transient changes 

in the fatty acid composition of PI pathway lipids can occur during stress in plants (König et 

al., 2007). In response to hyperosmotic stress there was a transient increase in 

polyunsaturated fatty acids (PUFAs) in total cellular PtdInsP and PtdInsP2 and a decrease in 

the PUFAs in PtdIns. When cell membranes were fractionated, the transient (15 min) 

changes in the PM PtdIns and PtdInsP2 were consistent with the whole cell data; however, 

the lipids in the nuclear-enriched fraction from stressed plants did not show a similar PUFA 

profile (König 2008).  These data are consistent with a separate and dynamic nuclear PI 

signaling pool.   

 

The PI pathway and plant development 
 

There is evidence that in plants the expression of PI pathway enzymes and lipid 

content change with developmental progression revealing further similarity to the animal PI 

pathway.   For example, during embryo development and seedling germination, a variety of 

environmental hormonal and developmental cues are transmitted to the nucleus.  As 

previously discussed, during somatic embryogenesis different stages of embryogenesis 

showed differences in the activity of PI3K and PI4K, suggesting that a particular point of 

development requires the PI pathway (Ek-Ramos et al., 2003). Direct changes in the nuclear 

PtdIns content and distribution can be seen in nuclei isolated during wheat germination 

(Minasbekyan et al., 2004; Minasbekyan et al. 2008). In germinating wheat, changes were 

observed in both the nuclear membrane and soluble nuclear PI pathway lipids (Minasbekyan 

et al. 2008).  PtdIns was continuously present in the nuclear membrane at day 3 and day 4, 

but PtdIns in the nucleoplasmic fraction was only observed on day 4. Gibberellin (GA) 
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treatment increased nucleoplasmic PtdIns suggesting that nuclear PtdIns might be a by-

product of increased lipid trafficking or might be part of a novel GA regulatory loop that uses 

PtdIns for nuclear signaling.   

Heterologous expression and mutation of enzymes in the PI pathway have revealed 

potential effects of the PI pathway on the development and differentiation of plants.  For 

example, expression of PI-PLC2 from Brassica napus in canola increased the speed of 

development by one week, resulting in early flowering and an increased number of branches 

(Georges et al., 2009).  The subcellular localization of BnPI-PLC2 in canola was not 

reported; however, increases in animal nuclear PI-PLC proteins have similar affects in that 

there is increased cell cycle progression and changes in cell determination (reviewed Cocco 

et al., 2009).  While it is possible that BnPI-PLC2 directly affects nuclear function in plants, 

indirect effects through regulation of transcription or phytohormones cannot be ruled out.      

The A. thaliana inositol kinase IPK2 is a homologue of the yeast IPK2 InsP3/InsP4 

dual-specificity 6-/3-/5-kinase, which phosphorylates InsP3 to InsP4, and InsP5 (Stevenson-

Paulik et al., 2002). Expression of AtIPK2in tobacco resulted in similar phenotypes to 

expression of BnPI-PLC2 in canola (Georges et al., 2009). A slight increase in growth rate 

and an increased tolerance to abiotic stresses was observed in AtIPK2 expressing plants 

(Yang et al 2008).  As previously mentioned, IPK2 the yeast homolog of AtIPK2can act as 

a transcription factor (Odom et al., 2000).  AtIPK2also localizes to the nucleus and, in 

yeast, complemented the ipk2 mutation (Xia et al., 2003; Yang et al 2008) suggesting an 

additional role for AtIPK2 as a transcription factor. Constitutive expression of AtIPK2 in 

tobacco increased expression of stress regulated genes under normal growth conditions, 

providing evidence that AtIPK2 and/or it’s inositol phosphate products can affect 

transcription in plants (Yang et al., 2008).  

A second isoform of AtIPK2, AtIPK2 was localized to the PM and nucleus by GFP 

fluorescence.  Reduction of AtIPK2protein and transcript by expression of an antisense 

construct increased root growth and pollen germination (Xu et al., 2005).  The increase in 

root growth with decreased AtIPK2 expression and increased growth rate with heterologous 

expression of AtIPK2 demonstrate that different isoforms of the same enzyme from A. 

thaliana can have different effects on growth and development.   



 

20 

Another inositol phosphate kinase, A. thaliana inositol (3,4,5) trisphosphate 5/6-

kinase (AtITPK1), has been localized to the plant nucleus by GFP fluorescence (Qin et al. 

2005).   Moreover, AtITPK1 was shown to interact with the nuclear protein complex the 

COP9 signalsome (CNS) that controls response to various stresses and developmental cues in 

plants. Mutants in AtITPK1 also showed decreased hypocotyl growth in red light, suggesting 

a possible need for the protein kinase or inositol kinase function of the AtITPK1 in 

photomorphogenesis.     

Further evidence that the PI pathway is involved in developmental patterning comes 

from studies of PtdIns4P-specific regulation of the stem cell factor Poltergeist (Gagne and 

Clark 2010) and from studies of A. thaliana PIP5K isoforms on root development (Mei et al., 

2011). Whether these phenotypes are related primarily to membrane trafficking, PM 

signaling or to direct effects on nuclear regulation requires further investigation.  

 

The PI pathway and plant hormone regulation 
 

Growth, development and stress responses are controlled by many different factors 

including the growth regulators, auxin and jasmonic acid (JA). Auxin and JA both have 

nuclear receptors (TIR1 and COI1, respectively) that bind their respective hormones and 

regulate their respective transcription factors.  Intriguingly, an InsP6 binding site has been 

identified in TIR1 and an InsP5 binding site has been identified in COI1. There are no reports 

thus far that distinguish a role for the nuclear PI pathway versus the cytosolic pathway in 

generating these inositol phosphates. 

Tan et al. (2007) crystallized and solved the structure of TIR1 and found that InsP6 

was crystallized with auxin in the binding pocket. The current hypothesis is that InsP6 is a 

cofactor for auxin perception that allows auxin to bind tighter to TIR1. Computer simulations 

by Hao and Yang (2010) suggest a structural shift in the TIR1 receptor that requires InsP6 to 

stabilize a binding pocket for auxin.  This stabilization also creates a conformational change 

in the TIR1 receptor that is favorable for Aux/IAA protein binding, supporting the 

hypothesized role for InsP6 in auxin perception of the TIR1 protein.      

The JA pathway mediated by the COI1 receptor is also regulated by the inositol 

phosphates. Sheard et al. (2010) identified InsP4 and InsP5 as cofactors that co-purified with 
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the COI1 and JAZ9 JA sensing complex. In yeast two hybrid analyses, increased levels of 

InsP5 correlated with an increased binding between COI1 to JAZ9.  Further experiments 

tested the effects of InsP5 in planta. ipk1-1 mutants, which have increased InsP5, showed 

increased JA responses to wounding and decreased herbivory (Mosblech et al., 2011). In 

contrast, plants expressing human InsP5Tase with decreased InsP3, InsP5 and InsP6 (Perera et 

al., 2008), show decreased JA responses and increased herbivory (Mosblech et al., 2008). 

These experiments suggest that in planta, the cellular content of InsP5 affects the JA pathway 

through modulation of the COI1 and JAZ9 interaction. It is interesting that Sheard et al., 

(2010) also found activity with InsP4, suggesting a role for InsP4 in vivo, and highlighting the 

complexity of the inositol phosphate nuclear code in plants.      

 

Potential functions of the PI pathway in plant nuclei 
 
While studies of the plant PI pathway and DNA repair, recombination and telomere length 

have not been reported, we can learn much from data from other organisms.  Inositol 

phosphates and inositol pyrophosphates have been identified as major components of DNA 

maintenance pathways including repair, recombination and telomere length. InsP6 binds and 

regulates the DNA repair protein complex protein Ku70 (Cheung et al. 2008), which in turn 

regulates a non-homologous end joining (NHEJ) complex (Ma and Lieber, 2002; Hanakahi 

and West, 2002). Additionally a direct connection between amount of inositol phosphates 

and NHEJ activity was demonstrated (Byrum et al., 2004). Inositol pyrophosphates have 

been identified to affect recombination in yeast. The yeast inositol hexakisphosphate kinase 

(InsP6K) that produces InsP7 and InsP8 was first identified as a repressor of the hyper-

recombination phenotype of protein kinase C (kinase C suppressor 1, KCS1) (Huang and 

Symington 1994). A functional KCS1 enzyme was shown to be essential for repression of the 

hyper-recombination phenotype (Luo et al., 2002) suggesting that an inositol phosphate 

product (InsP7, InsP8, Luo et al., 2002; PP-InsP4 and others reviewed in York, 2006) or 

another KCS1 enzymatic activity is needed for the repression.  

Regulation of telomere length is a crucial part of DNA processing in eukaryotes 

(reviewed in d’ Adda di Fagagna et al., 2004; reviewed in Smogorzewska and de Lange, 

2004; Schmitt et al., 2007). An elegant set of experiments showed that increasing PP-InsP4 



 

22 

resulted in decreased telomere length, and decreasing PP-InsP4 increased telomere length in 

yeast. These experiments also showed that when the DNA-PK-like protein Tel1 was mutated, 

no inositol phosphate-dependent telomere regulation was observed (York et al., 2005).  Like 

Te1, human Ataxia Telangiectasia Mutated (ATM) is also homologous to DNA-PK 

(Greenwell et al., 1995) and cells with mutated atm show decreased myo-inositol metabolism 

(Yorek et al., 1999). Like yeast and mammals, plants have DNA-PK homologs, ATM and 

ATR, which regulate telomere length and response to NHEJ (Vespa et al., 2005).  The DNA-

PK family of proteins share sequence homology with the PI3K enzymes (Poltoratsky et al., 

1995), suggesting an ancient regulatory role.  Given the conservation of function of ATM 

homologs in plants, animals and yeast, it would not be surprising if plant ATM is regulated 

by the nuclear inositol phosphates. 

   

Conclusion 
 

Studies in plants make a compelling argument for a developmental and regulatory 

role for the PI pathway in the nucleus. We have enumerated the PI pathway enzymes and 

lipid activities associated with plant nuclei.  More sensitive detection methods are needed for 

detailed analyses of plant PI pathway lipids and enzymes in both the cytosolic and nuclear 

fractions during different developmental stages and stress responses. Attention to the 

crosstalk and movement of lipids and enzymes between the discrete sub-cellular PI pathways 

will be critical for future understanding of the role of the nuclear PI pathway in plants. As 

demonstrated by the interactions between inositol phosphates and the nuclear auxin and JA 

receptors, it is anticipated that future research will uncover additional plant-specific 

processes mediated by the nuclear PI pathway. 
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Table 1. Phosphoinositide pathway enzymes reported in plant nuclei. 
  

 

Enzyme Name Abbreviation
Copy 

# 
Nuclear 
Isoform 

Nuclear 
Activity 

Citations 

Myo-inositol synthase MIPS, IPS 3 IPS1 nd Meng el al., 2009 

Phosphatidylinositol 
3-kinase 

PI3K 1 PI3K Yes 
Bunney et al., 2000 

Phosphatidylinositol 
4-kinase 

PI4K 
PI4K 

4 PI4K1 Yes 
Koroleva et al., 2005
Bunney et al., 2000 
Hendrix et al., 1989 

Phosphatidylinositol 
4 phosphate 5-kinase 

PIP5K 11 
AtPIP5K9

 
Yes 

Lou et al., 2007 
Hendrix et al., 1989 

Phosphatidylinositol 
– Phospholipase C 

PtdIns-PLC 9 nd 
Yes 

(PtdIns only) 
Pfaffmann et al., 
1987 

Diacylglycerol kinase DAGK, DGK 7 
AtDGK1 
AtDGK2 

Yes 

Vaultier et al., 2008 
Wissing and Wagner, 
1992 
Hendrix et al. 1989 

Phosphatic Acid 
kinase 

PAK Nd nd Yes 
Bunney et al., 2000 

Inositol phosphate 
kinase 

IPK, IMPK 2 
AtIPK2 
AtIPK2 
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Figure 1. Schematic representation of inositol phospholipids and inositol phosphate 
metabolism associated with the phosphoinositide (PI) pathway. 
A generalized PI pathway is shown.  Lipid metabolites are represented by ovals, inositol and 
inositol phosphate derivatives are depicted by boxes and enzymes are underlined.   Well 
characterized pathways are indicated with bold arrows.   Enzymes and metabolites that have 
been found in plants to date are shown in red. Enzyme abbreviations are as follows: IPS – 
myo-inositol phosphate synthase, IMP – inositol monophosphatase, PIS – 
phosphatidylinositol synthase, PI3K-PtdIns 3-kinase, PI4K – PtdIns 4-kinase, PIP5K – 
PtdIns4P 5-kinase, FAB/PIPKfyve – PtdIns3P 5-kinase, PI-PLC – PtdIns/PtdInsP-
Phospholipase C, IPK – inositol phosphate kinase, DGK- Diacylglycerol kinase, PAK – 
PtdOH kinase, KCS1-kinase C suppressor 1 (inositol hexakisphosphate (InsP6) kinase)  and 
VIP1- InsP6 and inositol heptakisphosphate (InsP7) kinase. Animal Type I PtdIns3K enzyme 
activity that produces PtdIns(3,4,5)P3 has not been identified in plants and is marked with 
one (*) asterisk. KCS1 and VIP1 activities have been identified in yeast and animals and are 
marked with two (**) asterisks. 
Dieck, C. B., Boss, W. F., and Perera, I. Y. (2012). A Role for Phosphoinositides in 
Regulating Plant Nuclear Functions. Frontiers in Plant Science 3. Available at: 
http://www.frontiersin.org/Plant_Physiology/10.3389/fpls.2012.00050. 
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Figure 2. PI pathway functions reported in animal and yeast nuclei. 
In animals and yeast, phospholipids and inositol phosphates are associated with many critical 
nuclear processes such as DNA repair, chromatin remodeling and RNA editing and export as 
described in the text. Nuclear enzymes affected by the PI pathway include: polyadenylate 
polymerase (PAP), topoisomerase, DNA polymerase and RNA polymerase. Nuclear proteins 
include:  transcription factors (TF), inositol phosphate kinase 2 (IPK2, with transcription 
factor activity), inositol trisphosphate receptor (InsP3R), histone H1 (H1), histones 2A, 2B, 
and 3 (Histone Octomer). Nuclear complexes include: DNA repair complex with Non-
homologous end joining (NHEJ), RNA editing, mRNA export, Spliceosome, Remodeling 
complexes, Telomerase complex and the NPC – nuclear pore complex.  Data are from both 
in vivo and in vitro assays.  Small circles represent different phospholipids and small squares 
represent different inositol phosphates as indicated.  
Dieck, C. B., Boss, W. F., and Perera, I. Y. (2012). A Role for Phosphoinositides in 
Regulating Plant Nuclear Functions. Frontiers in Plant Science 3. Available at: 
http://www.frontiersin.org/Plant_Physiology/10.3389/fpls.2012.00050. 
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Abstract 
 

In order to characterize the effects of increasing 

phosphatidylinositol(4,5)bisphosphate (PtdIns(4,5)P2) on nuclear function, we expressed the 

human phosphatidylinositol (4)-phosphate 5-kinase (HsPIP5K) 1α in Nicotiana tabacum 

(NT) cells. The HsPIP5K-expressing (HK) cells had altered nuclear lipids and nuclear 

functions.  HK cell nuclei had 2-fold increased PIP5K activity and increased steady state 

PtdIns(4,5)P2. HK nuclear lipid classes showed significant changes compared to NT (wild 

type) nuclear lipid classes including increased phosphatidylserine (PtdSer) and 

phosphatidylcholine (PtdCho) and decreased lysolipids.  Lipids isolated from protoplast 

plasma membranes (PM) were also analyzed and compared with nuclear lipids. The lipid 

profiles revealed similarities and differences in the plasma membrane and nuclei from the NT 

and transgenic HK cell lines. A notable characteristic of nuclear lipids from both cell types is 

that PtdIns accounts for a higher mol % of total lipids compared to that of the protoplast PM 

lipids. The lipid molecular species composition of each lipid class was also analyzed for 

nuclei and protoplast PM samples. To determine whether expression of HsPIP5K1α affected 

plant nuclear functions, we compared DNA replication, histone 3 lysine 9 acetylation 

(H3K9ac) and phosphorylation of the retinoblastoma protein (pRb) in NT and HK cells. The 

HK cells had a measurable decrease in DNA replication, histone H3K9 acetylation and pRB 

phosphorylation.  
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Introduction 
 
 The phosphoinositide (PI) pathway is important for many biological processes that 

affect plant basal metabolism and growth including vesicle trafficking, membrane structure, 

protein localization, enzyme activity, ion channel regulation, secondary messenger formation 

and organelle signaling (Heilmann, 2008; Melser et al., 2011; Szumlanski and Nielsen, 2010; 

Thole and Nielsen, 2008). The amount and cellular location of PI pathway lipids and/or 

enzymes respond to many internal and external cellular cues including heat stress, osmotic 

stress, cell expansion, cell type, differentiation, and cellular metabolism (Heilmann, 2008; 

Albi and Viola Magni, 2004; Balla et al., 2009; Barlow et al., 2010; Doughman et al., 2003; 

Irvine, 2003; King et al., 2010; Mellman and Anderson, 2009; Mishkind et al., 2009; 

Ischebeck et al., 2008; Konig et al., 2007). Altering the flux through the plant PI pathway by 

mutation of genes in the PI pathway, overexpression of genes or heterologous expression 

systems has been shown to affect plant growth and development (Szumlanski and Nielsen, 

2010; Böhme et al., 2004; Cowan, 2006; Furt et al., 2010; Ischebeck et al., 2010; Preuss et 

al., 2006; Saavedra et al., 2011; Williams et al., 2005); however, the effects of PI metabolism 

on nuclear processes and nuclear lipids have not been studied in plants.  

 In yeast, animals, and plants, PI pathway enzymes or enzyme activities and their 

products have been found in the nucleus (Irvine, 2003; Mishkind et al., 2009; Cheng and 

Shearn, 2004; Cocco et al., 1987; Hendrix et al., 1989; Jones et al., 2009; Keune et al., 2011; 

Matsubara, 2006; Viola-Magni et al., 1985; Bunney et al., 2000). In animal cells, the nuclear 

localized PI pathway is regulated independently of the PM bound enzymes and lipids  

creating a novel intra-nuclear signaling mechanism composed of nuclear generated inositol 

phospholipids and inositol phosphates (Albi and Viola Magni, 2004; Irvine, 2003; Keune et 

al., 2011; Gonzales and Anderson, 2006). For example, the inositol phospholipid 

PtdIns(4,5)P2 has a variety of effects on nuclear proteins and processes including, but not 

limited to, removal of histone H1 from chromatin in vitro (Yu et al., 1998), regulating 

multiple remodeling complexes similar to the SWI/SNF complex like Brahma associated 

factor (BAF) (Rando et al., 2002; Zhao et al., 1998), regulating a novel polyadenylate 

polymerase (Li et al., 2012; Mellman et al., 2008), and interacting with other nuclear proteins 

like actin binding proteins (Barlow et al., 2010; Doughman et al., 2003).  In D. melanogaster 
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the nuclear phosphatidylinositol (4)-phosphate 5-kinase (PIP5K), Skittles, is essential for 

embryogenesis, and when skittles is mutated, histone H1 is hyperphosphorylated and 

chromatin is compacted (Cheng and Shearn, 2004).  

Another inositol phospholipid, phosphatidylinositol(5)phosphate (PtdIns5P), interacts 

with human INhibitor of Growth 2 (ING2) to regulate a variety of chromatin remodeling 

complexes  (Russell et al., 2006). Nuclear localization and activity of phosphatidylinositol-

phospholipase C (PI-PLC)  was required for cell cycle progression as demonstrated by 

G2/M blockade by PI-PLC inhibitors (Sun et al., 1997) and the dominant negative activity of 

a mutant PI-PLC1 without a nuclear localization signal (Cocco et al., 2006).  In animals and 

yeast many other PI pathway inositol phospholipids, inositol phosphates and enzymes have 

been shown to modify nuclear functions (Irvine, 2003; Rando et al., 2002; Zhao et al., 1998; 

Alcázar-Román and Wente, 2008; Zewail et al., 2003) including cell cycle progression (Albi 

and Viola Magni, 2004; Capitani et al., 1991; Faenza, 2000; Matteucci et al., 1998), germline 

development (Hassan et al., 1998), and cell polarity (Panbianco et al., 2008). 

 In contrast, the plant cellular and nuclear PI pathways are still being characterized. 

Early reports described plant nuclear lipids based on [3H]ethanolamine (Albi and Viola 

Magni, 2004) and [3H] myo-inositol labeling as well as by measuring PIP5K activity with 

[P]ATP labeling (Hendrix et al., 1989).  Further analysis of plant nuclei has shown 

specific nuclear lipid kinase activities including phosphatidylinositol 3-kinase (PI3K) 

(Bunney et al., 2000) and phosphatidylinositol 4-kinase (PI4K) (Okpodu, 1999).  More recent 

data indicate that plant lipids, their modifying enzymes including PIP5Ks, and proteins with 

lipid binding domains will localize to the nucleus (Mishkind et al., 2009; Mei et al., 2011; 

Froidure et al., 2010; Lou et al., 2007; Minasbekyan et al., 2004, 2008; Drøbak and Heras, 

2002; Konig et al., 2008).  However, plant nuclear lipids are not well characterized, and to 

our knowledge, no one has studied the effects of increasing the flux through the nuclear PI 

pathway in plants.   

We have employed heterologous expression to assess whether increased cellular 

PtdIns(4,5)P2 affected nuclear lipids and functions.  Im et al. (Im et al., 2007) had shown that 

N-terminal GFP tagged  Homo sapiens phosphatidylinositol 4-phosphate 5kinase 1α (E.C. 

2.7.1.68) (hereafter denoted HsPIP5K1α) localized to the PM of Nicotiana tabacum (NT) 
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cells and increased PM PIP5K specific activity and steady state PM  PtdIns(4,5)P2 by 100-

fold (Im et al., 2007). HsPIP5K1α is known to localize to both the PM and the nucleus in 

human cell lines (Mellman and Anderson, 2009). Although in previous studies GFP 

fluorescence from expressed GFP-HsPIP5K1 was primarily detected in the plasma 

membrane of HsPIP5K1-expressing (HK) cells (Im et al., 2007), we hypothesized that 

expressing HsPIP5K1α would affect the plant nuclear PI pathway as well as the plasma 

membrane PI pathway. We show that expressing HsPIP5K1α increased nuclear PIP5K 

activity and PtdIns(4,5)P2. Isolated HK nuclei also have altered phospholipid composition 

compared to NT nuclei. Nuclei were isolated from protoplasts, and the analyzed protoplast 

PM and nuclei showed distinct differences in lipid classes in the NT and HK cell lines. We 

also assessed the effects of expressing HsPIP5K1α on several nuclear functions.  DNA 

replication measured by Bromodeoxyuridine (BrdU) incorporation, histone acetylation on 

histone 3 lysine 9 and phosphorylation of the retinoblastoma protein (pRb) were all 

decreased in HK cells.   

 

Methods 
Protoplast isolation 
 
 Cells were harvested 4 d after transfer by gravity filtration using a 75 µm filter. Cells 

with a fresh weight (fw) between ~0.7 g to 1.6 g fw per 25 mL of medium were used to 

produce protoplasts for plasma membrane and nuclei isolation.  To digest the cell wall, cells 

(0.7 to 1 g fw) were incubated at room temperature (RT) with shaking at 75 rpm in a 10 x 10 

mm plastic Petri dish for 1 ½ to 2 h in 10 mL of cell wall digestion buffer (0.4 M sorbitol in 

10 mM MES (pH 5.6) with 7.5 mg.mL-1 cellulase and 0.1 mg.mL-1 pectolyase).  Cell wall 

digestion was monitored microscopically and was stopped by addition of 10 mL protoplast 

wash buffer (PWB: 0.4M D-sorbitol in 10 mM MES (pH 5.6)) when round protoplasts were 

evident and the remaining cells would release protoplasts when gentle pressure was applied 

to the microscope cover slip.  To remove remaining cells and debris, the protoplasts were 

filtered through a 75 µm filter followed by 2 rinses with 10 mL of PWB and collected in the 

50 mL Falcon tube.  Filtered protoplasts were centrifuged at 100 g for 5 min. Each protoplast 
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pellet was washed 2 times with 10 mL of PWB by gentle resuspension in PBW followed by 

centrifugation at 100 g. 
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Nuclei Isolation     
 

 Nuclei were isolated immediately from protoplasts.  Protoplasts were incubated on ice 

for 5 min in PWB, the supernatant was removed with a Pasteur pipette, and protoplasts 

gently resuspended in 6 mL of ice cold nuclear isolation buffer 1 (NIB1) (0.7 molal D-

sorbitol HB (5 mM HEPES, 10 mM MgCl2, 2 mM EGTA, pH 7) and incubated for 5 min on 

ice.  Protoplasts were centrifuged at 100 g for 5 min at RT and returned to ice promptly.  

NIB1 was removed and protoplasts were gently resuspended in 6 mL of ice cold NIB2 (0.2 

molal D-sorbitol HB, 0.025% Triton X-100, 1 µg.mL-1 leupeptin, 100 µM PMSF 

(phenylmethanesulfonyl fluoride) and incubated at least 5 min on ice.  Protoplasts in NIB2 

were passed through a 26 gauge double-sided needle fitted with 2, 10 mL syringes with 

rubber tipped plungers, 6 to 7 times.  Broken protoplast mixture was filtered through 75 µm 

mesh and two layers of nylon mesh (150 µm) and rinsed through 2 times with 6 mL of ice 

cold NIB3 (NIB2 without Triton X-100) and collected into new 50 mL Falcon tubes.  The 

filtered solution was centrifuged 5 min at 100 g at RT.  A Pasteur pipette was used to 

carefully remove all the supernatant so as to not disturb the loose pellet.  The pellet was 

gently washed with 6 mL of ice cold NIB3, centrifuged at 100 g for 5 min, supernatant was 

removed with a Pasteur pipette and the isolated nuclei were kept on ice for further 

procedures.  

 

Plasma membrane isolation from protoplasts  
 
 For plasma membrane isolation, protoplasts were ground 25-30 times in a Dounce 

ground glass homogenizer on ice and centrifuged at 3,000 g for 10 min at 4o C to remove 

unbroken nuclei and other organelles. The supernatant was centrifuged at 40,000 g for 1 h to 

recover a microsomal pellet as previously described (Im et al., 2007). A plasma membrane-

enriched fraction was isolated from the microsomal pellet by aqueous two-phase partitioning 

as previously described (Perera et al., 2002).   

 

Protein quantification 
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 Plasma membrane and nuclei protein was quantified using bicinchoninic acid (BCA) 

protein assay (microBCA kit from Pierce, Rockingham, IL) with BSA as a standard. 

PtdIns(4,5)P2  mass measurement 
 
 Aliquots of nuclei containing at least 0.5mg of nuclear protein were added to 20% 

cold PCA (perchloric acid) in a 1:1 v/v ratio. Lipids were extracted from PCA precipitate, the 

headgroup was hydrolyzed, and Ins(1,4,5)P3 measured using the Ins(1,4,5)P3 binding assay 

(Amersham Inc.) as previously described (Heilmann et al., 2001). 

 

Lipid Kinase Assay 
 
 Nuclei were assayed for PIK, PIP5K and DAGK activity with 10 µg of protein for 10 

min using the conditions previously described for plasma membrane and microsome activity 

assays (Im et al., 2007; Perera et al., 2002), with one modification. The ATP concentration 

was increased to 100 µM with 74 kBq of [P]ATP .nmole-1 total ATP per assay because 

of competing reactions in the nuclear preparations. When exogenous substrate was added to 

the reaction mixture, the final concentration was 125 M in 0.01% Triton X-100. To monitor 

the effects of increasing ATP, the specific activity of the [P]ATP was held constant (74 

kBq.nmole-1 ATP); the reaction was incubated for 30 min and 20 µg of protein was used per 

assay (Supplemental Figure 2). While 100 M ATP was not found to be saturating, in the 

interest of safety we did not use higher concentrations of ATP but rather lowered the amount 

of protein used for the subsequent kinase assays. The reactions were stopped and lipids were 

extracted and separated on  Partisil LK5D TLC plates (Whatman Inc., Maidstone, England) 

with chloroform (CHCl3) : methanol (MeOH) : concentrated ammonia (NH4OH) :water 

(90:90:7:22, v/v/v/v) as a solvent as previously described (Im et al., 2007). Incorporation of 
32P was monitored with autoradiography, quantified using a BioScan Imaging scanner and 

reported as pmol.mg-1.min-1.  

 

Lipid profiling 
 
  Lipids were isolated from 45 to 213 µg of plasma membrane protein and 50 to 4000 

µg of nuclei protein using the protocol recommended at the Kansas State Lipidomics Web 
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site for animal tissue samples (http://www.k-state.edu/lipid/lipidomics/animal-lipid-

extraction.htm).  Plasma membrane and nuclei samples were brought up to between 250 and 

500 µL in volume with Tris buffer or NIB3, respectively.  Briefly, volume of nuclei or 

plasma membrane used for lipid isolation was set as 0.8 part, and 1 part of CHCl3 and then 1 

part of MeOH were added and the solution was vortexed immediately.  An additional 1 part 

of CHCl3 was added to the mixture and vortexed briefly.  The mixture was centrifuged at 

1000 g for 10 min. The lower, CHCl3 layer was removed and placed in a clean test tube. The 

remaining upper layer was extracted 2 additional times by adding 1 part of CHCl3 followed 

by a 5 min centrifugation at 1000 g. The CHCl3 lower phase was removed after each 

centrifugation.  The combined CHCl3 fraction was back-washed with 0.1 mL of 1M KCl by 

brief vortexing followed by centrifugation at 1000 g for 5 min. The top, aqueous KCl layer 

was removed.  The remaining CHCl3 fraction was further washed with 0.1 mL H2O. After the 

H2O wash the CHCl3 layer was removed to a clean test tube and the remaining H2O was re-

extracted with 1 part CHCl3. The combined CHCl3 solution was stored at -20°C for up to 1 

week.   CHCl3 extractions from nuclear and plasma membrane lipids from the same day were 

dried under a stream of N2 on the same day and stored under N2 at -20ºC.  Lipids were 

shipped on dry ice or ice to the Kansas Lipidomics Center for analysis. 

 

Analysis of lipid profile 
 
 Lipids were divided into 11 lipid classes by headgroup (digalactosyldiacylglycerol 

(DGDG), monogalactosyldiacylglycerol (MGDG), lysophosphatidylcholine, (LysoPtdCho), 

phosphatidylglycerol (PtdGro), lysophosphatidylethanolamine (LysoPtdEtn),  

phosphatidylinositol (PtdIns), phosphatidic acid (PtdOH), phosphatidylethanolamine 

(PtdEtn), phosphatidylcholine (PtdCho), lysophosphatidylglycerol (LysoPtdGro), 

phosphatidylserine (PtdSer)) and each lipid class was divided into lipid molecular species by 

the headgroup and the fatty acid contents (ie. PtdIns 34:1, PtdGro 32:0).  The lipid classes of 

each sample were screened with both the Q test and Grubbs test, and outlier samples for each 

lipid classes were removed (Supplemental Table 1).  Lipid class and lipid molecular species 

data were analyzed by pair-wise two tailed Student T-tests with the assumption of equal 

variance similar to previously reported analysis (Welti et al., 2002) (Supplemental Table 2).  
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Comparisons were made between the NT and HK lipid samples within each sample type (e.g. 

comparison of NT and HK nuclear lipid analysis) and between different sample types (i.e. 

PM to nuclei comparison from NT cells). For plasma membrane analysis, five different 

samples from 3 different biological replicates were averaged.  For nuclear lipid analysis, 10 

wild type samples from 7 different biological replicates and 12 HK samples from 8 different 

biological replicates were harvested.     

 

BrdU labeling 
 
 Cells were harvested by gravity on a 75 µm filter.  0.1g of cells from flasks with 

similar weights (example flasks with fw between 0.7 to 1.2 g) were placed in 25mL of the 

same conditioned media (media in which the cells had been growing) and allowed to 

equilibrate for 30 minutes.  BrdU (10 µM) was added for either 30 min or 1 h at RT at 75 

rpm shaking. The cells were harvested by suction filtration to remove media, and divided into 

50 g aliquots before freezing.  DNA was extracted from 50 µg of cells with Qiagen Plant 

Genomic DNA extraction kit.  DNA concentration was measured and the samples were 

diluted so that the DNA concentration was equivalent for all cell lines.  Three aliquots of 

increasing amounts of DNA were spotted onto nitrocellulose, cross-linked and the BrdU 

labeled DNA was detected using a BrdU specific antibody (Sigma, Inc.) and appropriate 

secondary antibody as previously described (Ueda et al., 2005) and supersignal 

chemiluminescence (Pierce, Rockingham, IL).   

 

Western Blot Analysis 
 
 Cells were harvested by gravity filtration 4 d after transfer and frozen at -80oC.  

Nuclear protein was isolated as described above and boiled in SDS-PAGE loading buffer. 

 

Calreticulin and H+-ATPase immunoblots 
 
 Nuclei proteins (10 g) were separated on 8% SDS-PAGE for H+-ATPase or 10% 

SDS-PAGE for calreticulin (CRT).  Protein was transferred to PVDF membrane with 1x 

CAPS buffer. H+-ATPase, a marker for plasma membrane, was detected using a polyclonal 
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primary antibody (described in (Morsomme et al., 1998)).  A polyclonal antibody to the 

maize CRT was used to detect CRT as a marker for ER as previously described (Im et al., 

2007).  The antibodies were visualized using anti-rabbit secondary antibody and super signal 

chemiluminescence (Pierce, Rockingham, IL, according to the manufacturer’s directions). 

 

Histone immunoblots 
 
 To enrich protein isolations for histones, proteins were acid extracted from frozen 

cells by grinding 25-30 times in a ground glass homogenizer (10 mM Tris-HCl, pH 7.5, 2mM 

EDTA, 0.25 M HCl, 5 mM 2-mercaptoethanol, 0.2 mM PMSF), precipitated with 25% TCA 

and washed 2x with  ice cold 100% acetone as described by Tariq et al. (2003)(Tariq, 2003). 

The dried acetone protein pellets were resuspended in 5 % SDS overnight and protein 

quantified by BCA assay.   

 Proteins were separated by 15% SDS-PAGE and transferred to PVDF membranes 

with Tris-glycine transfer buffer. H3 lysine 9 acetylation (H3K9ac) and H3 were detected 

using primary antibodies to H3K9ac (Upstate, 07-352) and total H3 antibody (Abcam, 

ab1791) and were visualized with supersignal chemiluminescence (Pierce, Rockingham, IL). 

H3K9ac was compared to total H3 to ensure equal histone loading. ImageJ (Abramoff et al., 

2004) was used to calculate a ratio of the H3K9 acetylation intensity to the H3 intensity of 

the same, reprobed blot.  The NT H3K9ac /H3 ratio was normalized to 100% to compare HK 

samples to NT samples.    

 

Retinoblastoma (pRb) immunoblots 
 
 Protein was isolated from frozen cell samples by grinding 25-30 times in a ground 

glass homogenizer in buffer containing (25 mM TRIS-HCl pH 7.6, 15 mM MgCl2, 15 mM 

EGTA, 75 mM NaCl, 60 mM β-glycerophosphate, 1 mM dithiothreitol (DTT), 0.1% NP-40, 

0.1 mM Na3VO4, 1 mM NaF, 1 mM phenylmethylsulphonyl fluoride (PMSF), 10 mg.mL-1 

protease inhibitors (Complete, Roche, Mannheim, Germany)) as in Abrahám et al. (Ábrahám 

et al., 2011). Proteins were separated by 10% SDS-PAGE and transferred to PVDF 

membranes with Tris-glycine transfer buffer. Nicotiana tabacum phosphorylated pRb protein 

was detected using human polyclonal antibody (Phospho-Rb (Ser807/811) Antibody #9308, 
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Cell Signaling Technology) and visualized with supersignal chemiluminescence (Pierce, 

Rockingham, IL). 



 

52 

Results 
 
Nuclei isolated from the NT and HK cells appear similar using light microscopy 
 

We hypothesized that expression of HsPIP5K1α in NT cells would affect the PIP5K 

activity in the nucleus. To test this hypothesis, we first isolated nuclei from NT and HK cells 

by rupturing protoplasts.  Nuclei from both NT cells and HK cells have similar size (Figure 

1).  The HK cells contained more noticeable starch granules and these co-purify with nuclei 

(Figure 1). Visible starch granule contamination could be reduced by applying nuclei to 

Percoll gradients; however, recovered nuclei were less abundant and visually less stable so 

we did not use gradient purification.   

 To assess the purity of nuclear preparations we detected plasma membrane 

contamination using antibodies to the plasma membrane H+-ATPase and ER contamination 

using antibodies to maize calreticulin (CRT) (Supplemental Figure 1A).  There was no H+-

ATPase detected in either the HK or NT nuclei fractions indicating little if any PM 

contamination.  The ER is contiguous with the outer nuclear envelope and invaginations and 

ER associated proteins have been found within the nucleus (Collings et al., 2000; Gupton et 

al., 2006; Prunuske and Ullman, 2006). Calreticulin (CRT), an ER associated protein, has 

been found associated with nucleus and outer nuclear envelope by fluorescent protein 

localization (Denecke et al., 1995; Jia et al., 2008; Napier et al., 1995).  A small amount of 

CRT was detected in nuclei isolated from both HK and NT cells. The relative amount of 

CRT recovered increased in nuclei isolations applied to Percoll gradients, where the nuclei 

were disrupted, and as noted above, these preparations were not used for further experiments 

(Supplemental Figure 1B).   

 To assess plastid contamination and determine whether the increased starch granules 

resulted in increased plastid membrane contamination the lipids, MGDG and DGDG were 

compared between the two nuclei preparations. As shown in Figure 2 there was no difference 

in total MGDG or DGDG lipid class from nuclei isolated from the HK and NT cell lines even 

though the HK line had significantly higher number of starch granules.  For comparison 

MGDG and DGDG were also assayed in the protoplast PM and increased MGDG, but not 

DGDG, was found in HK protoplast PM.  This is in contrast to previous analysis of cell PM 
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which showed decreased MGDG and DGDG in HK cells compared with NT cells (Im et al., 

2007) and may reflect differences in the plasma membrane lipids after cell wall digestion.  

 
HK nuclei had increased PtdIns(4,5)P2 and PIP5K activity 
 
HK nuclei had increased PtdIns(4,5)P2  based on mass measurements 
 

Mass measurements indicated a steady state increase in PtdIns(4,5)P2 in the HK 

nuclei. HK nuclei had 32.4 + 6.2 pmol PtdIns(4,5)P2.mg-1 protein, while a NT nuclei (at least 

0.5 mg of protein) did not have detectable PtdIns(4,5)P2 by mass measurement (Figure 3).  

Because the  PtdIns(4,5)P2 in the NT nuclei was below the limits of detection with this assay 

method, we used in vitro PIPK assays to measure the potential to synthesize PtdIns(4,5)P2 

from PtdInsP. 

 

HK nuclei have increased PIP5K activity 
 
 PIP5K activity assays were performed using isolated nuclei from HK and NT cells. 

Using endogenous substrate and 100µM ATP, both NT and HK nuclei had diacylglycerol 

kinase (DAGK), PtdIns kinase (PIK) and PIPK activity.  The HK nuclei produced about 2-

fold more [32P]PtdInsP2.mg-1 protein compared with NT nuclei. (Figure 4A).  The increase is 

similar in fold-differences to what was reported for plasma membranes from the HK cells 

with endogenous substrate (Im et al., 2007). Unlike the plasma membrane; however, the 

PIPK activity did not increase significantly in the nuclei preparations when exogenous 

substrate (PtdIns4P 125 µM) was added. The lack of detectable increase may be because 

there were so many competing reactions in the nuclei that used the ATP and PtdIns4P.  In 

support of this hypothesis, there tended to be less [32P]PtdInsP2 and more [32P]PtdOH 

recovered from HK nuclei when exogenous PtdIns4P was added (Figure 4). Furthermore, 

when PtdIns was added to the isolated nuclei, [32P]PtdInsP2 increased significantly 

suggesting that the enzyme preferred endogenously synthesized PtdInsP and that there may 

be a concerted reaction from PtdIns to PtdInsP2 (Supplemental Figure 3).  

 



 

54 

Comparison of lipid classes and lipid molecular species between NT and HK nuclei and 
protoplast PM lipids  
 
Nuclear lipid classes were different in the NT and HK lines 
 

Nuclear lipids were extracted from NT and HK nuclei and analyzed by Kansas 

Lipidomics Research Center Analytical Laboratory as previously described (Welti et al., 

2002). Analysis of NT and HK nuclear lipids revealed significant differences in 5 out of 11 

lipid classes (mol %, p-value of 0.05) (Figure 5 A). HK nuclear lipids had significantly 

decreased mol % of PtdOH, LysoPtdCho and LysoPtdEtn and increased PtdSer and PtdCho 

compared to NT nuclei. Even though the HK nuclei had high production of PtdInsP2, the mol 

% PtdIns was not significantly different. 

 

Changes in lipid molecular species of NT and HK nuclear lipids 
 

The 11 lipid classes analyzed can be subdivided into 153 unique lipid molecular 

species that have different fatty acid tail/headgroup combinations. Over 25% of the lipid 

molecular species (47 out of 153) showed significant changes between NT and HK nuclei at 

p-value of 0.05 (Supplemental Table 2). Half of the significantly changed lipid molecular 

species (28) were changed between NT and HK nuclei at a p-value of 0.01.  In HK nuclei 

PtdCho 36:1, PtdIns 36:1 and PtdSer 36:1 increased about 2-fold on a mol % basis and 

PtdCho 32:0 and PtdOH 32:0, LysoPtdCho 18:2 and LysoPtdEtn 18:2 decreased over 2-fold 

on a mol % basis compared with NT nuclei.  Many of the changes in lipid molecular species 

with similar fatty acid composition (carbon content: double bond number (i.e. 36:1)) had a 

similar direction and amount of change in the NT and HK nuclei comparison regardless of 

lipid molecular species headgroup.  For example the lipid molecular species PtdCho 36:1 and 

PtdIns 36:1 have different headgroups, but both lipid molecular species increased about 2-

fold based on mol % in HK nuclei compared with NT nuclei.   

 In general, the unsaturated fatty acids increased and saturated fatty acids decreased in 

HK nuclei. Many of the lipid molecular species with unsaturated fatty acids increased in HK 

nuclei compared to NT nuclei with a p-value of less than 0.01. Out of 10 lipid molecular 

species with saturated fatty acids that were measured, 7 decreased at least 1.5 times on a mol 

% basis in HK nuclei compared to NT nuclei.  Most lipid molecular species derived directly 
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from plastid fatty acids (16:0-16:0 fatty acid profile) decreased in HK nuclei, suggesting a 

shift in the origin of the fatty acids for lipid molecular species.   The only plastid fatty acid 

lipid molecular species that increased in the HK nuclei was PtdIns 32:3, which increased 15 

fold on a mol % basis, but is found in trace amounts compared to other PtdIns lipid molecular 

species composed of 16:0 fatty acids. 

 

Analysis of lipid classes in nuclei and protoplast PM  
 
  PtdIns(4,5)P2 has been characterized as a signaling lipid, and is known to change the 

curvature of a lipid membrane (Melser et al., 2011).  Because HsPIPK1α localizes primarily 

to the PM and resulted in a 100-fold steady state increase in  PtdIns(4,5)P2 from the PM of 

cells (Im et al., 2007) and because we had to first isolate protoplasts in order to obtain intact 

nuclei, we wanted to characterize the impact of high  PtdIns(4,5)P2 on the protoplast PM lipid 

composition.  We compared 11 lipid classes from both nuclei and protoplast PM samples 

from both NT and HK cell lines (Figure 5).   Molecular percentages (mol %) of the total 

lipids recovered of each lipid classes were compared between different nuclei samples and 

different protoplast PM samples as well as comparison of nuclei to protoplast PM lipids of 

each cell type.  

 

Comparison of protoplast PM lipid classes between NT and HK cells 
 

Total LysoPtdEtn decreased 5 fold on a mol % basis in HK protoplast PM (Figure 

5B) and MDGD increased 1.4 fold on a mol % basis compared with NT protoplast PM 

(Figure 2).   LysoPtdEtn is the only lipid class that was decreased significantly in both 

protoplast PM and nuclei of the HK protoplasts. Notably, LysoPtdEtn is a lipid with an 

inverted cone-shaped structure resulting from the loss of one fatty acid while PtdIns(4,5)P2 

has a cone shape because of the large polar headgroup (Melser et al., 2011; Chernomordik 

and Kozlov, 2008), so the decrease in LysoPtdEtn may reflect a compensatory mechanism to 

maintain membrane structure. 
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Comparison of protoplast PM lipid molecular species between NT and HK cells 
 

The PM of HK protoplasts had 25 lipid molecular species significantly changed from 

PM of NT protoplasts (Supplemental Table 2).  Ten lipid molecular species increased in the 

HK protoplast PM compared with NT protoplast PM. An increase of 1.5 times or more on a 

mol % basis was seen in HK protoplast PM PtdCho 36:1 and PtdEtn 36:1 and 7 other lipid 

molecular species.  15 lipid molecular species decreased in the HK protoplast PM compared 

with NT protoplast PM. These included a decrease of PtdCho 32:0 of 1.5 fold on a mol % 

basis in HK protoplast PM and a decrease of 3 fold on a mol % basis in PtdEtn 32:0.  

Common and unique changes are found between nuclei and protoplast PM lipids in 
both NT and HK samples 
 

Lipids in the nucleus and the plasma membrane originate from plastids and the 

endoplasmic reticulum and changes in the trafficking between the ER and plastids or to either 

the nucleus or PM could affect the lipid composition.   PtdIns(4,5)P2 is an important molecule 

for signaling and trafficking, and has been shown to cause changes in cellular trafficking and 

membrane lipid composition.  We have shown that changes in cellular PtdIns(4,5)P2 can also 

alter the lipid composition of nuclei and protoplast PM.  To further understand how the 

nuclear lipids and protoplast PM lipids were affected by expression of the HsPIPK1α, we 

compared the nuclear and plasma membrane lipids of protoplasts within each cell line.  

 

Comparison of lipid classes between protoplast PM and nuclei for each cell line 
 

Both NT and HK cell lines showed similar differences between the protoplast PM and 

nuclear lipid profiles.  The nuclear MGDG was 1.4 fold lower on a mol % basis and nuclear 

PtdIns, LysoPtdEtn and PtdOH were over 1.5 fold higher on a mol % basis compared to the 

protoplast plasma membrane in both cell lines (Figure 5 C, D).  The cell lines also had 

distinct differences in the lipid comparisons between protoplast PM and nuclei. The NT 

nuclear samples had significantly more PtdGro and less PtdCho compared to the protoplast 

PM (Figure 5C) and the HK nuclei had more LysoPtdCho compared to the HK PM (Figure 

5D).    
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Comparison of nuclei and protoplast PM lipid molecular species for both NT and HK 
cells  
 

Analysis of NT and HK nuclei to protoplast PM lipid molecular species revealed 40 

common changes at p-value of 0.05 (Supplemental Table 2).   Nuclei had 23 lipid molecular 

species that account for increased mol % compared to the protoplast PM from both cell lines, 

including LysoPtdCho 18:2,  LysoPtdEtn 18:2, and PtdCho 34:1.  NT and HK nuclear lipids 

have 17 lipid molecular species accounting for a decreased mol % when compared with 

protoplast PM samples, including PtdIns 32:1 and PtdEtn 32:1.   

NT samples had 16 distinct lipid molecular species that were different in the nuclei 

compared with protoplast PM, including 6 were over 1.5-fold higher on a mol % basis like 

PtdIns 32:1 and 7 that were over 1.5-fold lower on a mol % basis like PtdSer 40:2 

(Supplemental Table 2).  HK nuclei had 12 distinctly different lipid molecular species 

including 4 that were over 1.5-fold higher on a mol % basis e.g., PtdSer 38:2, and 8 that were 

over 1.5-fold lower on a mol % basis e.g., LysoPtdGro18:2 (Supplemental Table 2).    

 A comparison of nuclear and protoplast PM lipids showed distinct changes in NT and 

HK cell lines, but also show common lipid profiles characteristic of the nucleus and PM in 

both cell lines.  Interestingly, trace amounts of very long chain fatty acid lipids with fatty 

acid composition 42-carbon in PtdEtn and PtdSer and 44-carbon in PtdSer were observed in 

the nuclei suggesting that, like yeast (Schneiter et al., 2004), the plant nuclei may employ 

very long chain fatty acids for specialized functions (These very long chain fatty acids were 

previously described in plants (Devaiah et al., 2006)). Our lab had previously analyzed PM 

lipids isolated from cells of the NT and HK lines (Im et al., 2007). To gain insight into the 

effects of the cell wall digestion process on PM lipid composition of cells with high 

PtdIns(4,5)P2 , we compared our current protoplast PM data with the previously published 

cell PM data (Im et al., 2007). 

 

Comparison of lipid classes and lipid molecular species between protoplast and cell PM 
 
Common and cell line specific changes in lipid classes during cell wall digestion of NT 
and HK cells 
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Not surprisingly, the cell PM from both NT and HK cell lines had similar changes in 

lipid classes after cell wall digestion (Supplemental Table 2).  Significant changes in the total 

mol % of PtdCho, PtdEtn and PtdSer are found in both NT and HK protoplast PM lipids 

compared with cell PM lipids at a p-value of 0.05.  For example, compared to the PM from 

cells, protoplast PM PtdCho was over 2-fold higher on a mol % basis, PtdEtn was over 2-fold 

lower on a mol % basis and PtdSer was over 9-fold lower based on mol % in the protoplast 

PM from both NT and HK lines.   

Cell line specific changes are also detected, for example, NT protoplast PM had 

decreased DGDG (a 1.6-fold decrease in mol % basis) and PtdIns (3-fold decrease in mol %) 

compared to NT cell PM.  In comparison, HK protoplast PM MGDG is 1.5-fold higher on a 

mol % basis compared to the HK cell PM. 

 

Comparison of lipid molecular species from cell and protoplast PM 
 

Differences between cell and protoplast PM lipid samples are also reflected in 

changes in composition of lipid molecular species.  Comparison of protoplast PM and cell 

PM revealed 27 lipid molecular species changes in common between NT and HK samples 

(Supplemental Table 2). Increases of over 1.5-fold on a mol % basis were found in 7 lipid 

molecular species in protoplast PM , e.g. PtdEtn 34:1 and PtdCho 34:1, and decreases of 1.4 

fold on a mol % basis were observed in 20 lipid molecular species in the protoplast PM, e.g. 

PtdEtn 34:2 and PtdSer 34:2.   

 

Effects of increased PtdIns(4,5)P2 on nuclear functions 
 
 Animal nuclear lipids have been implicated in multiple nuclear processes (Barlow et 

al., 2010; Doughman et al., 2003; Keune et al., 2011).  We have shown increased  

PtdIns(4,5)P2 and changes in the nuclear lipid profile in HK nuclei, and we wished to assess 

the effect of the cellular and nuclear lipid changes on other nuclear processes including DNA 

synthesis, chromatin modification and cell cycle regulation proteins.   

3.5.1 BrdU incorporation is less in HK cells 

We compared BrdU incorporation into DNA in the NT and HK cells to assess the 

effect of lipid changes on DNA synthesis. Cells were incubated in equal amounts of BrdU, 
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DNA isolated and three concentrations of DNA spotted on membranes for immunoblot 

detection of BrdU incorporation.  Dot blot analysis of NT and HK BrdU containing DNA 

after incubation with BrdU showed significantly less BrdU incorporation in HK DNA 

(Figure 6A).  Blot signals were normalized by dividing the intensity of an individual 

measurement (i.e. NT day 4 lowest DNA concentration) by the average of all three day 4 NT 

and HK samples to normalize the samples for the blot intensity. Normalized data for each 

data measurement including over three biological replicates of cell labeling experiments were 

averaged for NT and HK cells at three different DNA concentrations and plotted along with 

their standard error (Figure 6B).  Significant changes at p-value of 0.05 were detected at the 

lower two DNA concentrations. Although the chemiluminescent signal saturated at the 

highest DNA concentrations, the average HK BrdU intensities were always lower than NT 

intensities at every concentration tested.  Similar studies were done on cells at day 2 after 

transfer when DNA synthesis would be highest.   The same trend of HK cells having lower 

BrdU incorporation compared to NT cells was observed, but a statistically significant 

difference was not detected.           

 

H3K9ac is decreased in HK cells 
 
 Histone acetylation is an integral part of the histone modification code.  Previous 

papers have shown that lipids can effect chromatin remodeling complexes (Jones and 

Divecha, 2004) including the Spt-Ada-Gcn5-Acetyltransferase (SAGA) complex which 

modifies H3K9 with acetylation (Guha et al., 2007; Hoke et al., 2008).  We employed 

antibodies specific to acetylated H3K9 (H3K9ac) and reprobed the same blot with antibodies 

to total H3.  Figure 7A shows a representative blot probed with both H3K9ac and H3 

antibodies. HK cells have decreased H3K9ac compared to NT cells (arrow Figure 7A).  To 

average multiple blots the ratio of the H3K9ac/total H3 was quantified, and the H3K9ac/H3 

ratio of NT samples were normalized to 100%. Figure 7B shows the average relative ratio of 

H3K9ac/H3 from 3 blots for HK cells compared to normalized NT cells.  All blots showed a 

decreased H3K9ac to H3 ratio for HK cells compared with NT cells.    

 

Retinoblastoma protein (pRb) phosphorylation is decreased in HK cells 
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 Total protein was isolated from NT and HK cells, and western blot analysis with the 

Ser 807/811 specific antibody (Phospho-Rb (Ser807/811) Antibody #9308) was performed as 

previously described (Ábrahám et al., 2011).  Western blots showed decreased pRb 

phosphorylation (Figure 8 arrow) compared with stained total protein in two different protein 

isolations.  Non-specific bands between 100 and 50 kDa increased and may simply result 

from non-specific cross reactivity with phosphoproteins in the HK lines or from increased 

proteolysis of the phosphorylated pRb protein.  In either event there was less recovered full-

length phosphorylated pRb. 

 

Discussion 
 
 Expression of HsPIP5K1α in NT suspension cell culture increased PM PIPK specific 

activity (Im et al., 2007). We show here that the total nuclear PtdIns(4,5)P2 recovered from 

isolated nuclei increased from levels that were below the limits of detection to 32.4 + 6.2 

pmoles.mg-1 of nuclear protein in the HsPIP5K1α expressing cells. Furthermore, the nuclear 

PIPK activity increased.  There was 2-fold higher PIP5K activity in HK nuclei compared 

with NT nuclei with endogenous lipids as substrate. In the in vitro assays, [32P]PtdInsP2 

increased even more when exogenous PtdIns was added to the reaction (Supplemental Figure 

3) but not when PtdIns4P was added (Figure 4).  These data suggest that there was a 

concerted reaction from PtdIns to PtdInsP2 or that the exogenously added PtdIns4P was 

degraded by phosphatases or lipases in the nuclei before it could be phosphorylated by PIPK. 

The fact that PtdOH increased significantly when PtdIns4P was added to the HK nuclei 

suggests that the PtdIns4P was being converted to DAG.  

Of interest, there was no decreased in mol % PtdIns in the HK nuclei suggesting that 

the cells were compensating for the increase in PtdInsP2 biosynthesis by increasing PtdIns 

production. The changes in the lipid molecular species of the PtdIns (increased unsaturation) 

in the HK nuclei is also consistent with a change in flux in PtdIns biosynthetic pathways 

(Lofke et al., 2008; Konig et al., 2007).  

 Nuclei were isolated in the presence of 0.025% Triton X-100 and markers for ER  

showed only minor contamination.  The detection of CRT in nuclear protein from intact 
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nuclei is to be expected as it has been found in nuclear fractions (Jia et al., 2008) and the ER 

is contiguous with the outer nuclear envelope (Collings et al., 2000; Brandizzi et al., 2004; 

Marius et al., 2006). A general increase in CRT has been reported for HK cells (Im et al., 

2007) so an increase in ER contamination in the HK nuclei would have increased the CRT 

significantly.  Importantly, western blots indicated that the CRT in the HK nuclei was not 

significantly higher than that in the NT nuclei samples.   

 A major visual difference in the nuclei isolated from HK cells was the increase in 

cosedimenting starch grains. We concluded that the starch granules did not contribute to the 

changes in lipid composition for the following reasons: Vasanthan and Hoover et al. 

(Vasanthan and Hoover, 1992) showed that isolated dry starch granules did not yield 

significant lipids using an extraction method with a chloroform/methanol extraction similar 

to our method (Vasanthan and Hoover, 1992; Finnie et al., 2010).  If we had plastid 

contamination in HK nuclei, the HK nuclear lipid analysis would have shown an enrichment 

of DGDG and MGDG lipid classes (Finnie et al., 2010).  We did not detect significant 

differences in DGDG and MGDG in the nuclei samples between NT and HK cells.  

  PtdIns(4,5)P2 and PtdIns5P are important lipids in nuclear functions in animal cells 

(Mellman and Anderson, 2009; Bunce et al., 2006).  A transient increase in PtdIns(4,5)P2 

and/or an unregulated, continuous increase in PtdIns(4,5)P2 production during cell growth 

may have influenced phospholipid biogenesis and nuclear processes and thereby affected the 

lipid composition of the nucleus and PM.  We found multiple changes in nuclear lipids and 

protoplast PM lipids when HsPIP5K1α expressing cells were compared with wild type, 

which is not surprising because of the interconnected lipid biosynthesis pathways (Eastmond 

et al., 2010; Ghosh and Bankaitis, 2011; Testerink and Munnik, 2011; Villa-García et al., 

2010; Vincent et al., 2005).  

 Along with increased PtdCho, increased PtdSer and decreased lysolipids were 

characteristic of the HK nuclei.  Both PtdSer and lysolipids have been hypothesized as 

signaling molecules in animals and plants, although the intracellular localization and effects 

of these signaling molecules are still not well understood (Albi and Viola Magni, 2004; 

Nardicchi et al., 2007; Manzoli et al., 1987).  Like PtdIns(4,5)P2, lysolipids are predicted to 

have an inverted-cone shape in a lipid bilayer (Melser et al., 2011; Chernomordik and 
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Kozlov, 2008). It is likely that the decrease in lysolipids help compensate for the over 

accumulation of PtdIns(4,5)P2 . 

 Major fatty acid differences were identified between the nuclei and protoplast PM.  

Total saturated fatty acids decreased in HK nuclei and protoplast PM and total unsaturated 

fatty acids increased.  These changes in lipid saturation may reflect the increased flux 

through the PI signaling pathways because the PI signaling pools were observed to have 

increased unsaturated fatty acids (Konig et al., 2007).  Increased turnover of signaling 

PtdIns(4,5)P2 would also be predicted to increase unsaturation of other phospholipids through 

changing the PtdOH and DAG fatty acid backbones (Konig et al., 2007, 2008).   Increased  

PtdIns(4,5)P2 and PI pathway signaling may also change the localization, activity or substrate 

preference of lipid metabolizing enzymes, lipid binding proteins or change the types of 

isozymes that are active.  Endogenous plant  PtdIns(4,5)P2 signaling is increased during stress 

responses like heat and osmotic stress (Mishkind et al., 2009; Pical et al., 1999; Westergren 

et al., 2001), and lipid remodeling, lipid isozyme changes, and changes in fatty acid 

compositions are known responses to heat and osmotic stress (Burgos et al., 2011; Upchurch, 

2008).     

 Changes in fatty acid composition between the NT and HK nuclei also may indicate 

that changes in the carbon metabolism in HK cells are affecting multiple cellular 

compartments. Fatty acid transport among the chloroplast, the mitochondria and the ER 

affects the fatty acid composition of phospholipids.    The decrease in 16:0-16:0 fatty acid 

containing lipids suggests a change in chloroplast fatty acid trafficking.  Lipids and lipid 

precursors with 16:0-16:0 fatty acids are synthesized in the chloroplast, and the decrease of 

multiple different lipids with 16:0-16:0 in the nucleus may indicate a general cellular 

decrease in utilization of plastid lipids and more of a reliance on the ER for lipid precursors. 

Schneiter et al. (Schneiter et al., 2004) identified a unique PtdIns lipid molecular species with 

a 26:0 very long chain fatty acid that was important for nuclear membrane formation and is 

hypothesized to be important for nuclear pore stability.  Like the changes in lipid classes, the 

changes in nuclear lipid molecular species between the HK and NT nuclei also may be 

compensating for the effect of increased nuclear PtdIns(4,5)P2 in the HK nuclear membrane.  
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 To isolate intact nuclei we used protoplasts which involved enzymatic digestion of 

the cell wall. Increased lipid kinase activity has been measured in embryogenic carrot cells 

during enzymatic cell wall digestion (Chen and Boss, 1990) and because others had shown 

that the lipid composition of PM isolated from protoplasts isolated with enzymatic digestion 

was different from that of cells in both plants and oomycetes (Aidemark et al., 2010; Briolay 

et al., 2009), we compared the lipid composition of the protoplast PMs with that previously 

reported for cell PMs (Im et al., 2007).  The NT and HK lines had multiple common changes 

when comparing their respective protoplast PM and cell PM lipid classes and lipid molecular 

species (Supplemental Table 2). In addition, multiple unique changes were found in 

comparing the protoplast to the cell PM within each cell type (Supplemental Table 2). The 

changes in the lipid molecular species composition of HK protoplast PM compared with the 

NT protoplast PM could have arisen from a differential response to cell wall digestion 

(Ischebeck et al., 2008). Changes in lipid saturation and lipid molecular species in HK 

protoplast PM, for example, the decrease in the lipid classes LysoPtdEtn and some 

LysoPtdCho lipid molecular species could help compensate for the effect of increased 

PtdIns(4,5)P2 on membrane fluidity (Furt et al., 2010) and stabilize the newly formed 

protoplast.  

 We hypothesized that changes in cellular and nuclear lipids could influence nuclear 

functions in HK cells since phospholipids have been shown to influence a variety of nuclear 

processes including DNA synthesis, chromatin remodeling and cell cycle progression 

(Barlow et al., 2010).  For example eukaryotic DNA polymerases α, β and γ and type I and II 

Topoisomerases are inhibited by a variety of anionic phospholipids (Ishimaru et al., 2010).  

Chromatin remodeling complexes like the animal BAF complexes are influenced by the lipid 

PtdIns(4,5)P2 and its signaling products (Rando et al., 2002).  

 We found a decrease in DNA replication in HK cells as determined by BrdU 

incorporation. Decreased BrdU incorporation could have resulted from differences in cell 

cycle regulation or from DNA synthesis defects; however, a major defect in cell cycle was 

not observed as the cells divided and increased in fresh wt. Lewis et al. (Lewis et al., 2011) 

recently identified direct binding of  human Topoisomerase IIα to  PtdIns(4,5)P2 and showed 

decreased topoisomerase activity when  PtdIns(4,5)P2 was present (Lewis et al., 2011). 
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PtdInsP2 or PtdSer in the nucleus of the HK cells could have inhibited the DNA polymerase 

activity and/or Topoisomerase activity, thus slowing down DNA polymerase progression. 

More extensive studies are needed to understand the exact mechanisms behind the changes in 

DNA replication in the HK cells.      

 H3K9ac was decreased in HK cells. We cannot rule out that changes in the H3K9ac 

may be responding to other metabolic cues in the HsPIP5K1α expressing cells, but there is 

evidence from both plants and animals to suggest a direct effect of nuclear lipids on 

chromatin remodeling complexes and their histone modification.  A variety of chromatin 

remodeling complexes like the BAF are known to interact with PtdIns(4,5)P2 , the 

phosphoinositide lipids and secondary signaling molecules produced by  PtdIns(4,5)P2 

hydrolysis like Ins(1,4,5)P3 in animals (Jones and Divecha, 2004), and data for lipid-

chromatin remodeling interactions in plants is growing (Alvarez-Venegas and Avramova, 

2005; Alvarez-Venegas et al., 2006; Ndamukong et al., 2010).   

 One chromatin remodeling protein in plants that has been shown to be sensitive to the 

PI pathway lipid PtdIns5P is the histone trimethytransferase ATX1.  Exogenously added 

PtdIns5P causes relocalization of ATX1 from the nucleus to the PM and subcellular vesicles.  

The result is a decrease in ATX1-dependent H3K4 trimethylation (Alvarez-Venegas et al., 

2006).  Studies of the interaction of chromatin modification in plants have shown that H3K4 

trimethylation at different genes enhances H3K9 acetylation (Ha et al., 2011). It is possible 

that expression of HsPIP5K1 and increasing  PtdIns(4,5)P2 indirectly increased plasma 

membrane PtdIns5P as a result of the dephosphorylation of PtdIns(4,5)P2 by a  PtdIns(4,5)P2 

4-ptase. In addition, other chromatin remodeling complexes in the nucleus could respond to 

different lipid class changes in the nucleus of HK cells. For example, increased PtdSer in HK 

nuclei may inhibit the plant GCN5 homologue H3K9 acetylation activity through one of its 

co-activating Ada2 homologues similar to the mammalian SAGA complex (Hoke et al., 

2008). 

  PtdIns(4,5)P2 has also been found to be important for cell cycle regulation including 

mitotic spindle formation, cell plate formation, and regulation of retinoblastoma protein.  We 

hypothesized that increased PtdIns(4,5)P2 could affect the phosphorylation of the 

retinoblastoma protein.  Total protein isolated from HK cells showed decreased pRb 
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phosphorylation with human pRb Ser 807/811 specific antibodies previously shown to detect 

plant phosphorylated pRb (Ábrahám et al., 2011).  Decreased phosphorylated pRb could 

slow cell cycle progression, change DNA replication timing, and affect chromatin 

remodeling during cell division (Park et al., 2005).   

 In summary, we have shown that expressing HsPIP5Kα in plants affected nuclear 

lipid PIPK activity and the composition of nuclear lipids. DNA replication, histone 

acetylation and retinoblastoma protein phosphorylation were all decreased. These results 

indicate that increasing PtdIns(4,5)P2 and altering nuclear lipids in plants can have 

pleiotropic effects on nuclear function.  The effects of lipids on nuclear function in plants are 

in agreement with the research of lipids on animal nuclei. Lewis et al. (Lewis et al., 2011) 

recently identified multiple nuclear proteins that bind directly to PtdIns(4,5)P2 thus 

increasing the possible protein targets in animals.  Additional in vitro and in vivo studies 

targeting and identifying specific nuclear  PtdIns(4,5)P2 binding proteins in plants are 

necessary to elucidate the direct effects of  PtdIns(4,5)P2 and other lipids on the plant nuclear 

functions. 
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Figure 1. Nuclei isolated from NT and HK cells are intact and have similar size. 
NT (A) and HK (B) cells. HK cells are slightly smaller. NT (C) and HK (D) nuclei after 
isolation. Note Nucleolus denoted by arrows. 
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Figure 2. DGDG and MGDG from NT and HK nuclei and protoplast PM samples.   

NT nuclei (white), NT protoplast PM (white dotted), HK nuclei (grey) and HK protoplast PM 
(grey striped). Nuclei data are represented by the average mol % + standard error (SE). NT 
nuclei data is the average of 10 samples from 7 different biological replicates and HK nuclei 
data is the average of 12 samples from 8 different biological replicates. Protoplast PM data 
are the average of 5 lipid extractions from 3 different biological replicates. Significant 
changes in the MGDG and DGDG were not found when comparing NT to HK nuclear lipid 
samples, but a significant increase was seen in the HK protoplast PM MGDG compared to 
the NT protoplast PM MGDG. In addition, there is a 1.4 fold increase in MGDG on a mol % 
basis in the PM of both types of protoplasts compared to the respective nuclei. 
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Figure 3. HK nuclei have increased steady state PtdIns(4,5)P2.  

Lipid headgroup analysis of steady state PtdIns(4,5)P2 was measured from NT (white) and 
HK (grey) nuclei. Measurements are the average of 3 independent nuclei isolations + Stdev. 
ND = not detected.  At least 0.5 mg of nuclear protein was used per sample.   
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Figure 4. HK nuclei have increased endogenous PIP5K activity.  

NT (white) and HK (grey) nuclei were assayed for endogenous lipid kinase activity without 
PtdIns4P added (-) and added PtdIns4P (+). [32P]PtdInsP2 (A, D), [32P]PtdInsP (B, E) and 
[32P]PtdOH (C, F) are reported as pmol.mg-1.min-1. Measurements are the average of 3 
independent experiments + SE. 
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Figure 5. Lipid classes from NT and HK nuclei and protoplast PM show significant 
differences between cell types.  

A. Comparison of lipid classes from NT (white) and HK (grey) nuclei. B. Comparison of 
lipid classes from NT (white dotted) and HK (grey striped) protoplast PM. C. Comparison of 
lipid classes from NT nuclei (white) and NT protoplast PM (white dotted). D. Comparison of 
lipid classes from HK nuclei (grey) and HK protoplast PM (grey striped). * indicates a 
changed lipid classes at a p-value of 0.05. NT nuclei data are the average of 10 lipid 
extractions from 7 independent biological replicates. HK nuclei data are the average of 12 
samples from 8 independent biological replicates. NT and HK protoplast PM data are the 
average of 5 lipid extractions from 3 independent biological replicates. All data are the 
average mol % + SE.  
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Figure 6. BrdU incorporation is decreased in HK cells compared with NT cells.  

A) Example of an immunoblot detecting BrdU incorporation in DNA isolated from NT and 
HK cells after BrdU treatment.  Three different DNA concentrations are shown. B) A 
comparison of BrdU incorporation between NT and HK cells, normalized to total signal 
intensity (L=low, M=medium and H=high DNA, e.g. 50, 75 and 100 ng of DNA). Values are 
the average of more than three separate experiments + SE.  
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Figure 7. Histone H3 lysine 9 acetylation is decreased in HK cells compared with NT cells.  

A) Example of an immunoblot with H3K9ac-specific antibodies and H3-specific antibodies 
with NT and HK protein samples. B) Graph of the average ratio of H3K9ac/H3 ratio from 
HK cells compared to the NT H3K9ac/H3 ratio which was normalized to 100%.  
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Figure 8. Phosphorylation of retinoblastoma protein (pRb) is decreased in HK cells.  

Immunoblot is shown using pRb phosphoSer807/811 specific antibodies of two biological 
replicates of NT and HK cell samples. Arrow indicates the migration of pRb at ~100kDa.  



 

74 

 

 

 

Supplemental Figure 1. NT and HK nuclei samples show limited contamination of H+-
ATPase (A) and CRT (B).  

Plus (+) represents an equal amount of protoplast protein and was used as a positive control. 
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Supplemental Figure 2. NT nuclei from Day 2 and 4 were assayed for PIP5K activity for 30 
minutes with PtdIns4P added and increasing ATP (50, 100 and 200µM at a specific activity 
of 74 kBq/nmole ATP). 

[32P]PtdInsP2 (A), [32P]PtdInsP (B) and [32P]PtdOH (C ) are reported as pmol.mg-1.min-1. 

  



 

76 

 

Supplemental Figure 3. HK nuclei produce more [32P]PtdInsP2 with added PtdIns.  

NT and HK nuclei were assayed for PIP5K activity with PtdIns4P and PtdIns added and 
lipids were extracted and separated by TLC.  Phosphatidic acid (PtdOH), LysoPtdOH, 
PtdInsP, PtdInsP2 lipids and origin are indicated.  
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Supplemental Table 1. Lipid classes and lipid molecular species mol % raw data from NT 
and HK nuclei lipid samples, protoplast PM samples and cell PM samples.  

For each sample the submission identifier, name of sample, and all lipid class and lipid 
molecular species mol % data is provided.  One worksheet provides the raw data, and the 
second worksheet represents the data that was used for further analysis with outliers removed 
with either the Q-test or Grubbs test.   

 

Data online 
http://www.sciencedirect.com.prox.lib.ncsu.edu/science/article/pii/S0981942812001167 

 

Supplemental Table 2. Analysis of nuclei, protoplast PM, and cell PM lipid classes and lipid 
molecular species profiles by Student t-Test.  
Student t-Test data for the following comparisons is provided: NT and HK nuclei, NT and 
HK protoplast PM, NT nuclei and protoplast PM, HK nuclei and protoplast PM, NT and HK 
cell PM, NT cell PM and protoplast PM, and HK cell PM and protoplast PM.   Significantly 
different comparisons (p-value < 0.05) are highlighted for each comparison and the fold 
change between each 
 
Data online 
http://www.sciencedirect.com.prox.lib.ncsu.edu/science/article/pii/S0981942812001167  
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Introduction 
 
 Pattern discovery and identification is an important part of understanding the 

composition of proteins and protein networks in each organism.  Sequence motifs are short 

patterns of amino acids found in multiple protein sequences. Sequence motifs may have 

specific protein functions (i.e. functional motifs) and a motif that occurs multiple times 

within a single protein sequence is referred to as a repeat.  Domains are longer amino acid 

sequence patterns that define   specific secondary and tertiary protein structures and can be 

composed of sequence motifs, functional motifs and repeats. Long and/or distinct sequence 

patterns are easily identified, but short repeats and their domains are not easily identified.  

Repeats and the domains can have multiple protein functions, including protein-protein 

interactions, membrane binding and substrate and product interaction, for example the 

tetratricopeptide repeat (TPR) (Das et al., 1987), pentatricopeptide repeat (PPR) (Reviewed 

in O’Toole et al., 2008) and membrane occupation and recognition nexus (MORN) repeat 

domain.  Identification of the MORN repeat and MORN domain is of particular interest to 

our lab for many reasons: 1) They occur in proteins found in multiple organisms from viruses 

to animals; 2) They are found in the N-terminus of the B sub-family of the plant 

phosphatidylinositol phosphate kinases (PIP5Ks) and not in PIP5Ks from other organisms 

(Mueller-Roeber and Pical, 2002); 3) They are involved in protein-protein interactions, lipid 

and membrane binding. 

 The MORN repeat was first identified as a 14 amino acid motif repeated eight times 

in the N-terminus of the protein junctophilin (Takeshima et al., 2000).   Junctophilin is an 

integral ER membrane protein that is important protein for forming junctions/protein bridges 

between the endoplasmic reticulum and the plasma membrane. The N-terminal sequence 

containing the multiple MORN repeats was defined as a MORN domain and was shown to 

be essential for plasma membrane binding.  Since its first characterization, MORN domain 

has been identified in most eukaryotic and prokaryotic species. Proteins can have a MORN 

domain in the N-terminal, central and C-terminal regions of the protein (Punta et al., 2012).  

The non-specific localization of MORN domain and non-conserved number of repeated 

motifs within the domain complicates the identification of MORN domain-containing 

proteins.  Study of the MORN domain is complicated further because there is no consensus 



 

89 

as to the number of amino acids that defines a MORN repeat.  A review of the junctophilin 

phylogeny defined the MORN repeat as 14 amino acids with the consensus sequence 

YxGxWxxGKRHGYG where x is any amino acid (Garbino et al., 2009); however, most 

researchers use the Pfam database definition of a MORN repeat, which is  a consensus 

sequence of 23 amino acids YeGewknGkrhGkGvytwadGdr where lower case letters are less 

conserved (Punta et al., 2012). The MORN repeat is degenerate, making it difficult to define 

one MORN consensus sequence.  

 In the parasite, Toxoplasma gondii, a small protein consisting of only 14 MORN 

repeats, MORN1, was identified as a protein associated with the spindle complex and the 

cytoskeleton.  MORN1 was found associated with the inner membrane complex, specifically 

at the cell division ring, and was hypothesized to be involved in daughter cell fission 

(Gubbels et al., 2006). A conditional knockout of MORN1 was lethal and inhibited daughter 

cell budding. MORN1 knockouts also inhibited basal complex assembly (Lorestani et al., 

2010) showing a role for MORN1 protein complex assembly. A Cre-LoxP knockout 

attenuated T. gondii virulence in mice (Heaslip et al., 2010).  These mutant phenotypes 

demonstrated the importance of MORN1 in cell fission and revealed that MORN2 (another 

MORN domain protein of T. gondii), did not have a redundant function with MORN1.  

MORN2 has only 38.9 % similarity to MORN1 (Gubbels et al., 2006) even though it has 9 

MORN repeats. The sequence comparisons emphasize the degenerate nature of MORN 

motifs and illustrate the specificity of the MORN repeat in defining function even among 

proteins only containing a MORN domain.  

 Another function of the MORN domain has been identified in the Drosophila 

melanogaster protein Retinophilin.  Retinophilin is a MORN only protein that is critical for 

proper photoreceptor functions in D. melanogaster (Mecklenburg, 2007; Mecklenburg et al., 

2010).  Flip recombinase generated Retinophilin mutants have higher photoreceptor “dark 

noise” than the wild type suggesting that Retinophilin functions, in part, by inhibiting 

photoreceptor misfiring during dark conditions (Mecklenburg et al., 2010).  Retinophilin is 

found associated with rhabdomeric membranes, further emphasizing the role of MORN 

domains in membrane association (Mecklenburg et al., 2010).  
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In Arabidopsis thaliana, the MORN sequence containing protein ARC3 had three C-

terminal repeated MORN repeats (Shimada et al., 2004).  ARC3 is important for chloroplast 

division (Maple et al., 2007)..It is possible that the C-terminal MORN domain or ARC3 is 

important for establishing membrane binding for a scaffold of chloroplast fission proteins to 

bind to the ARC3 Ftz domain or that the MORN domain functions as  a protein/protein 

interaction domain.    The fact that a point mutation arc3-3, which produces a truncated 

protein without the C-terminal MORN domain, results in a giant chloroplast phenotype 

suggests that the MORN domain of ARC3 is important for chloroplast fission (Cho et al., 

2012).  More recently, four proteins containing only a MORN domain have been annotated in 

the A. thaliana genome, and one, EMB1211, has been identified as an embryonic lethal 

mutant and was important for chloroplast fission (Liang et al., 2010).  These data and those 

describing the function of the MORN1 protein in T. gondii imply a conserved, ancient 

function of the MORN repeats in the fission of membranes and organelles.   

Aside from the chloroplast associated proteins described above, MORN domains are 

found in the A. thaliana B family of phosphatidylinositol 4-phosphate 5 kinases (PIP5K 1-9) 

which have an N-terminal MORN domain containing between 7 and 8 MORN repeats 

(Mueller-Roeber and Pical, 2002). PIP5Ks 1-9 can be arranged into 3 different sequence 

clades with the full length protein (data not shown) and the PIP5K catalytic domain (Figure 

1A) and MORN domain sequences (Figure 1B).  The MORN domain of PIP5K1 has been 

characterized as a domain that binds to the lipids PtdOH, PtdIns4P and PtdIns(4,5)P2 and that 

regulates PIP5K activity (Im et al., 2007). However, the function of the PIP5K MORN 

domains in the targeting and regulation of plant PIP5Ks in vivo is still controversial. In some 

systems, truncations of AtPIP5K1 that lack the MORN domain still associate with the plasma 

membrane (Mikami et al., 2010a) and removing the MORN domain enhances PIP5K activity 

in some but not all systems (Mikami et al., 2010b). The differences in functions and binding 

may result in part from differences in the position that the truncations were made to eliminate 

the respective MORN domains. Functional analysis of plant PIP5K proteins is still 

progressing, but AtPIP5K9 (Lou et al., 2007), OsPIP5K1 (Ma et al., 2006, Ma et al., 2004), 

AtPIP5K2 (Mei et al., 2011), AtPIP5K3 (Kusano et al., 2008), AtPIP5K4, AtPIP5K5 and 

AtPIP5K6 (Sousa et al., 2008) have all been initially characterized and all bound membranes. 
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AtPIP5K4 was also involved in membrane recycling (Sousa et al., 2008).   The membrane 

binding and recycling activities of PIP5K MORN containing proteins emphasizes the ancient 

membrane fission/fusion function of MORN domain.  

 The variety of functions of the MORN domain proteins including enzyme function, 

membrane binding, light response and cellular/organelle fission all point to an ancient 

regulatory functionality of the MORN domain.  This is supported by the identification of a 

MORN family sequence in a virus (Boyer et al., 2009).  With all the different potential 

functions of the MORN domains, it is critical to define the number of amino acids associated 

with a MORN repeat, to determine which residues are conserved and variable among species 

and to model what features of the amino acids are critical.  In this paper, we have taken a 

bioinformatic approach to investigate whether the MORN domains associated with the 

PIP5Ks show a similar pattern to other MORN domain containing proteins. We show that the 

MORN domains in PIP5K proteins originate from a signal ancestral MORN–PIP5K fusion, 

and we show that a comparison of MORN repeats from MORN domain proteins without 

PIP5K domains to those of the plant PIP5K MORN domains can reveal functional 

differences and similarities.  

 

Methods 
 
Protein sequence retrieval 
 

The seven MORN repeats found in AtPIP5K1 were used in independent BLASTP 

queries to retrieve all similar sequences from the animal, plant and bacterial databases.  

Retrieved sequences from the NCBI non-redundant database were redundant both between 

and within each independent query, so proteins from each species were separated and 

proteins from each species were run through the ExPASy program, decrease redundancy 

(http://web.expasy.org/decrease_redundancy) with a homology cutoff of 95% to reduce the 

sequence redundancy.  The output protein sequences from each species were combined into 

Plant, Animal and Bacterial databases.   

 

Perl script training 
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 A Perl script was developed to scan and retrieve sequences matching regular 

expressions similar to Prosite methodology  (Sigrist et al. 2002, Supplemental Text 1), but 

retrieved the protein sequences only once and could be restricted to retrieve sequences 23 

amino acids in length. Prosite provides matches for each regular expression, creating a 

redundant data set.  The Pfam database MORN seed file was used as a large set of multiple 

different MORN repeats from multiple different species to develop a set of regular 

expressions.  A set of four regular expressions captured all the MORN repeats in the seed 

file:  

1.[YC].G.[FVLKWYI].{1,3}[GNDH].{3}[GN].[GA].{6}[GNQE].{2} 

2.[YF].G.[MWFLVYS].{1,3}[GADTISKNYHL].{2,3}[GEASR].[GAC].{6}[GSKQDRHLF

NTYAW].{2}  

3.[YF].[GCA].{1,14}[GTRSEQTNVIKALCF].{1,8}[GSQTNKRYLAPHDFWME].{1,3} 

4.[YF].[AGC].{1,4}[GNADESKFHQTCLY].{1,6}[GFAS].{1,9}.   

The first two regular expressions retrieved most of the MORN repeats and can be easily 

written as three regular expressions that have a definitive length of 23 amino acids for use in 

pattern hit initiated BLAST (PHI-BLAST) and Prosite. Application of the Perl script to the A. 

thaliana PIP5K MORN repeats identified each MORN repeats, and application of the Perl 

script to the 9 PIP5K Subfamily B proteins identified all of the MORN repeats.   

 

MORN sequence identification 
 
 The Perl script was applied to the Plant, Animal and Bacteria protein databases 

previously described.  Output of the Perl script was restricting MORN repeat size to 23 

amino acids provided an output that was easily aligned with ClustalX 1.83 (Chenna et al., 

2003) and produced a MORN repeat sequence database from Plant, Animal and Bacteria 

proteins.  

 Replacement or deletion of the glycine from the 3rd amino acid position (highlighted 

in bold) in each regular expression to an alanine was used to test the regular expression 

specificity:  

1.[YC].A.[FVLKWYI].{1,3}[GNDH].{3}[GN].[GA].{6}[GNQE].{2}  
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2.[YF].A.[MWFLVYS].{1,3}[GADTISKNYHL].{2,3}[GEASR].[GAC].{6}[GSKQDRHLF

NTYAW].{2}  

3.[YF].[CA].{1,14}[GTRSEQTNVIKALCF].{1,8}[GSQTNKRYLAPHDFWME].{1,3}  

4.[YF].[AC].{1,4}[GNADESKFHQTCLY].{1,6}[GFAS].{1,9}. 

The first two regular expressions were rewritten for Prosite and to be 23 amino acid length 

specific:  

1. [YC]-X-G-X-[FVLKWYI]-X(2)-[GNDH]-X(3)-[GN]-X-[GA]-X(6)-[GNQE]-X(2) 

2. [YF]-X-G-X-[MWFLVYS]-X(2)-[GADTISKNYHL]-X(3)-[GEASR]-X-[GAC]-X(6)-

[GSKQDRHLFNTYAW]-X(2) 

3. [YF]-X-G-X-[MWFLVYS]-X(3)-[GADTISKNYHL]-X(2)-[GEASR]-X-[GAC]-X(6)-

[GSKQDRHLFNTYAW]-X(2) 

The updated regular expressions were used with the Plant, Animal and Bacteria databases in 

Prosite with the reverse sequence function to determine if the regular expressions would 

retrieve sequences from the reverse sequences that are not biologically relevant.  

 

Analysis of MORN repeat sequences between phylogenic groups: 
 
 A variety of statistical analyses were employed to compare the MORN repeat 

retrieved from the Plant, Animal and Bacterial proteins.  FastaEntropy (by Andrew 

Fernandes) was used to compare the repeat sequences by amino acid composition.  Further 

analysis used the HDMD program developed by Dr. Lisa Ferrin (http://cran.r-

project.org/web/packages/HDMD, based on Atchley et al., 2005) to convert each amino acid 

into five different numbers representing different physiological characteristics.  Plant, animal 

and bacteria MORN repeats were compared for each characteristic at each amino acid 

position by a general linear model with a Bonferroni correction to reduce false positives.   

 

Analysis of MORN sequences within Plants 
 
 Our major interest was determine if the MORN repeats found in plants originated 

from one ancestral protein with MORN repeats, and whether the MORN repeats associated 

with the PIP5K proteins were the result of one or multiple protein fusion events.  To assess 

the differences between MORN repeats from proteins that contain both a PIP5K and MORN 
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domain and those containing MORN domains we split the plant MORN repeat sequence 

database into proteins with or without a PIP5K domain.  The general linear model was used 

to compare each amino acid site using the Amino acid metric solution with each of the five 

amino acid characteristics (PAH: Polarity, Accessibility, Hydrophobicity, PSS - Propensity 

for Secondary Structure, MS- Molecular Size, CC - Codon Composition, EC- Electrostatic 

Charge)  previously identified (Atchley et al., 2005).  The phylogeny program Molecular 

Evolutionary Genetics Analysis (MEGA, Tamura et al., 2007) was used to draw two 

Neighbor Joining trees for the MORN 23 amino acid repeats found in PIP5K proteins and 

MORN protein sequences that did not encode PIP5K (hence forth called MORN domain 

proteins).  Information on the repeat number from the N-terminus of the MORN sequence in 

the MORN domain was included to determine if a position effect is evident within the 

MORN domain in MORN domain and PIP5K proteins.    

 

Results 
 
Sequence retrieval 
 

The seven MORN repeat sequences from AtPIP5K1 were used in BLASTP to identify 

a redundant protein dataset from the non-redundant dataset of NCBI.  This protein 

redundancy is also found in the Simple Modular Architecture Research Tool (SMART, 

Schultz et al., 1998) and Pfam (Punta et al., 2012) databases, confirming the need to create a 

non-redundant protein dataset to start analysis of the MORN repeats. 144 Animal, 472 Plant 

and 231 Bacteria proteins were identified with BLASTP after screening the sequences with 

decrease redundancy.  

 

MORN repeat sequences identified 
 

Out of the protein sequences identified with BLASTP the Perl script restricting the 

MORN repeat sequence to 23 amino acids and updated regular expressions identified 989 

animal, 706 plant and 1546 bacteria MORN repeats. Clustal X alignment did not find any 

protein sequences to exclude from analysis, and visually the 23 amino acid repeats retrieved 

from Perl were not significantly different from their Clustal X alignment. 
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Replacement of the glycine to alanine in the 3rd amino acid position of each regular 

expression decreased the identified sequences to 7 animal, 14 plant, and 7 bacteria.  This is 

less than 2% of the number sequences identified with the MORN regular expressions, 

showing specificity at the 3rd position.  Reversal of the protein sequences of the plant, animal 

and bacteria datasets was used to determine if the MORN regular expressions could retrieve 

sequences from a nonbiologically relevant dataset.  The three regular expressions written for 

Prosite from the first two regular expressions for the Perl dataset were used with the reversed 

protein datasets.  8 animal, 19 plant and 5 bacteria sequences were identified with reverse 

sequences or less than 3% of the number of sequences identified with the MORN regular 

expressions.  This shows that the 3rd amino acid position is specific and that the patterns for 

MORN are highly specific and significant. 

Using the regular expressions in PHI-BLAST retrieved sequences that contained 

MORN repeats, but only identified one MORN repeat per sequence and required a query 

sequence.  Prosite retrieved multiple MORN sequences for the animal, plant and bacteria 

databases, but each regular expression is treated individually, creating a redundant set of 

MORN repeats.  Application of PSI-BLAST with the AtPIP5K1 MORN repeat 1 or repeat 2 

as the query (YIGSFSGGFPHGSGKYLWKDGCM, 

YEGDWKRGKASGKGKFSWPSGAT) to create a pattern for the MORN repeat is not 

simple because MORN repeats are tandem repeats found in multiple different types of 

proteins, and alignment of the sequences does not produce a continuous MORN sequence to 

provide a MORN Position Specific Scoring Matrix (Figure 2A and 2B).     

 

Statistical Analysis of MORN repeats 
 
 Comparison of the individual and group entropy of the Animal, Plant and Bacteria 

MORN repeats identified a number of conserved sites between all species, and a number of 

species specific sites of conservation.   A larger number of bacteria MORN repeats were 

retrieved, than plant or animal which could have skewed the bacteria data toward higher 

conservation.  The Individual Entropy (single amino acids) plot for all three species groups is 

shown in Figure 3A and Group Entropy (amino acids functional groups) in Figure 3B.  It is 

clear that there are sites with more and less conservation for the Bacteria MORN repeats 
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compared with the Plant and Animal groups.  This suggests that the increased number of 

MORN repeats in the Bacteria group did not provide an increased background.   

MORN repeat sites 1, 3, 5, 8, 12, and 14 show a large amount of sequence 

conservation in all species.  This could suggest that only the first 14 amino acid sites are 

critical.  However, comparison of the sequences revealed increased sequence conservation at 

site 21 for both Plant and Bacteria MORN repeats indicating that the motif contains more 

than 14 amino acids.   Furthermore, comparison of entropy analysis between the amino acids 

plotted by Individual Entropy (Figure 3A) with a plot of Group Entropy (Figure 3B) shows 

further functional conservation of Plant MORN repeats at site 18 and increased group 

conservation of site 16 for animal, plant and bacteria.   Comparison of the Group Entropy and 

Individual Entropy shows a similar pattern for most sites, but sites like 5 and 18 had 

increased conservation in the Group Entropy and site 8 had decreased Group Entropy 

conservation.  Entropy analysis of amino acids, both Individual and Group, can provide a 

qualitative comparison between the different species groups, but amino acids alone can not 

be statistically compared like numbers.  

In order to compare the sites statistically between the phylogenetic groups, the five 

different factor scores (PAH: Polarity, Accessibility, Hydrophobicity, PSS: Propensity for 

Secondary Structure, MS: Molecular Size, CC: Codon Composition, EC: Electrostatic 

Charge), were analyzed with a general linear model for each of the 23 amino acid sites 

according to Atchley et al., (2005).  Table 1 shows the analysis of each site and each 

characteristic.  An example of the use of Table 1 is shown by color coding the PAH sites to 

indicate which of the phylogenetic characteristics are significantly different.  For example, 

we know by the entropy plot that the plant MORN repeats have lower entropy than the 

bacteria or animal repeats at site 18.  Looking at the statistical analysis in Table 1, we can see 

that the plant repeats at site 18 are statistically different in PAH and CC but not in PSS or 

MS.  By comparison, at site 21 in the animal phylogenetic group, the amino acids are 

statistically different from plant and bacteria amino acids except for MS.   

 

Statistical Comparison of MORN domain containing proteins and PIP5K MORN 
domains 
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Entropy analysis comparing the MORN repeats of MORN domain containing 

proteins and PIP5K MORN domain repeats showed a number of amino acid sites with 

different conservation between the sequence groups (Figure 4A and B) including site 18 

which had lower individual amino acid entropy and sites 20 and 21 which had lower group 

entropy in the PIP5K associated MORN repeats. Further analysis of the amino acid 

characteristics and statistics identified 12 sites with significant differences in PAH between 

PIP5K associated MORN repeats and MORN protein repeats (Table 2). Sites 5 and 21 

showed differences in all the amino acid properties and site 18 showed significant differences 

in PAH and CC.  Site 5 is particularly informative as it is a conserved site, but still shows 

variation between the MORN domain proteins and PIP5K MORN domains with a shift from 

Tryptophan (W) to Phenylalanine (F) in the MORN domain proteins, (Tryptophan is more 

conserved in the MORN domain of PIP5K). 

 

Comparison of MORN repeats from the plant MORN domain proteins and PIP5K 
MORN domains with MEGA 
 
 Comparison of the MORN repeats of plant PIP5Ks and MORN repeats of other plant 

proteins by phylogenic analysis of the repeats with a simple neighbor joining algorithm in 

MEGA revealed further structure in the MORN domains of the PIP5K (Figure 5) and other 

MORN domain proteins (Figure 6). Specifically, a comparison of the location of the MORN 

repeats from the N-terminus of the MORN domain (i.e. the 1st, 2nd, etc.) revealed, that in both 

the MORN repeats associated with PIP5K domains and MORN proteins there was 

conservation between the position of the repeat in the MORN domain sequence and the 

phylogenic position in the Neighbor Joining tree.  The bootstrap values of the nodes are low 

because only 23 amino acid repeats are compared and the sequence is degenerate, but the 

overall sequence organization shows a strong signal indicating that MORN repeats are more 

similar when compared with repeats of the same position within the MORN domain than 

when compared based by plant species.   

 

Discussion 
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 The MORN repeat was first identified as a 14-amino acid motif which was repeated 8 

times and that functioned as the plasma membrane binding domain of the integral 

endoplasmic reticulum protein, Junctophilin, (Takeshima et al., 2000; Garbino et al., 2009). 

MORN repeats were subsequently found in all branches of the tree of life.  MORN repeats 

have been characterized  as being part of  protein interaction domain (Giot et al., 2003), lipid 

binding domain (Ma et al., 2006; Im et al., 2007), and regulatory domain (Im et al., 2007). A 

major challenge in characterizing the function of the MORN domain has been defining the 

conserved motif. This difficulty arises for the following reasons: 1) The exact length of the 

MORN repeat has not been defined; 2) the repeats are very degenerate, making it difficult to 

define a set consensus sequence, and 3) the alignment of MORN domains with different 

numbers of tandem repeats is difficult, especially when the sequences of the repeats can 

overlap and the MORN repeat sequences are degenerate.   The current databases that identify 

MORN repeats use sequence discovery by Hidden Markov models (HMM) to isolate 

sequences from redundant datasets (e.g., SMART, Pfam). Our approach created a MORN 

repeat database from proteins by combining four different steps 1: Multiple species were 

searched with BLAST using seven different MORN repeats from AtPIP5K1 to narrow down 

the sequences to search;  2: Putative MORN domain proteins were further reduced by 

removing redundant sequences with Decrease redundancy with a sequence identity cutoff of 

95%; 3: A Perl script using four regular expressions trained on the Pfam seed file isolated 

putative MORN repeats of 23 amino acids from the reduced protein sequence dataset; 4:A 

protein alignment with Clustal X was used to verify the MORN repeats returned.  The Clustal 

X alignment displayed almost perfect alignment for most of the putative MORN repeats 

returned, and allowed for further analysis with entropy analysis and sequence metric analysis.  

 Further analysis of the MORN repeats identified in plants, animals and bacteria 

revealed different sites of conservation and significant differences between the MORN 

repeats from each species in each of the amino acid properties in sequence metric analysis.  

As illustrated in Table 1 sites 4, 12, 15, 19, 22 and 23 are not significantly different in 

polarity, aromatic and hydrophobicity between any of the three phylogenic groups, while 

sites 10, 11, 13 and 16 are significantly different between all phylogenic groups in polarity, 

aromatic and hydrophobicity.  The five different sequence metrics are independent, reflecting 
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the different functions of amino acids in proteins.   In the EC comparison 6, 8, 16, 19, and 23 

are significantly different in plants compared with animals and bacteria, and site 6 is 

significantly different for each phylogenic group (V for bacteria, K for animal and R for 

plant, Supplementary Table 2).  

 In contrast to just the 14 amino acid sequence first defined as the MORN repeat 

sequence (Takeshima et al., 2000; Garbino et al., 2009), entropy analysis identified multiple 

sites of sequence conservation past the first 14 amino acids.  Sites 18 and 21 show increased 

sequence conservation compared with the degenerate sites in the studied phylogenic groups.  

Furthermore, analysis of MORN repeats as 14 amino acids creates a domain with 

interspersed repeats, while the definition of the MORN repeat as a 23 amino acid sequence 

creates a MORN domain with tandem repeats further confirming the SMART and Pfam 

MORN repeat sequence length. Our analysis of the MORN domain of ARC3 identified only 

2 MORN repeats which did not have a perfect match with any of the MORN domains in the 

AtPIP5K MORN domains or the proteins with only a MORN domain.  The number of 

matches between ARC MORN domain and any of other MORN domains from A. thaliana 

never exceeded 25 amino acid matches, or just over 50% identity.  All of these proteins are 

known to bind lipids or membranes suggesting that an exact primary protein sequence is not 

necessary for lipid binding, but the secondary or tertiary sequence could be important.  

Entropy analysis of MORN domains from InterPro (http://www.ebi.ac.uk/interpro/) 

demonstrates different conservation of each MORN repeat position (Figure 7), further 

suggesting that each MORN repeat of a MORN domain is differently conserved.  The 

variable conservation of the MORN repeats at each position suggests that larger conserved 

domain may be obscured in the repeat pattern. Conserved domain database in NCBI protein 

database identified a larger sequence called COG4642 that has no known function, but is at 

least 138 amino acids long (the length of 6 MORN repeats) and overlaps with all MORN 

repeat containing domains identified so far, further verifying the possibility of a conserved 

sequence longer than the MORN repeat in the MORN domains.        

 Comparison of plant MORN repeats of MORN domain proteins and PIP5K MORN 

domains showed that certain sites were more conserved in the PIP5K MORN domains.  In 

particular, sites 18 and 21 were conserved in PIP5K MORN repeats compared with other 



 

100 

proteins containing MORN repeats.  Further analysis of the MORN repeats positions by a 

neighbor joining tree showed that in both the MORN proteins and PIP5K MORN domains 

the position of the MORN repeats in the MORN domain was more phylogenetically relevant 

than the species in which it is found .   

 In conclusion, the comparison of the phylogenic groups, plant, animal and bacteria 

show evidence for a 23 amino acid consensus sequence for the MORN repeat.  Comparison 

of the MORN domain containing proteins and PIP5K MORN domains show similar sites of 

conserved amino acids in the entropy profile, as well as specific sites of conservation within 

the PIP5K MORN repeats.  Analysis of the phylogenetic trees are not statistically significant 

by the bootstrap values, but the fact that the MORN repeats, containing only 23 amino acids, 

from both MORN proteins and PIP5K MORN domains have a similar sequence position 

clustering suggests that the MORN repeats in plants originate from the same ancestral 

MORN protein.  Inclusion of non-vascular plants, like Physcomitrella patens, in the analysis 

showed that the MORN repeats still clustered based on their position from the N-terminus.  

The fact that the plant PIP5K MORN repeats also clustered in positions rather than species 

further supports the idea of a single PIP5K MORN repeat fusion event in plant ancestry.  

 Further research is needed to determine whether a MORN repeat or the MORN 

domain have the membrane and lipid binding function.  A solved tertiary structure for the 

MORN domain is important to determine what part or parts of the MORN domain bind lipids 

and membranes.  Protein/protein and protein/lipid interactions for multiple different MORN 

domain proteins are also needed to clarify if the MORN domains and repeats have redundant 

functions, or if the MORN domains can be separated into multiple different functional 

groups.   
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Supplemental Text 1.  

 

my $sequence; 

my $recordName=null; 

my $pastJunk = 0; 

 

while (<>) 

        { 

        next if (($_ eq "\n") || ($_ eq "")); # skip empty lines 

        #print "read ->$_<-\n"; 

        if (m/^>(.*)/) # it loooks like a fasta header 

                { 

                scanSeq() if ( $sequence); # handle previous record 

                $recordName = $1; # remember new header 

                $sequence = ""; 

                $pastJunk = 1; 

                #print "\$recordName=$recordName\n"; 

                } 

         else 

           { 

           if ( $pastJunk) 

                { 

                s/\s//g; # get rid of newlines (aka returns) and whitespace. 

                $sequence = $sequence . $_; # also could be: $sequence .= $1; 

                } 

           } 

        } 

     scanSeq(); # one last time to handle exit condition. 

# change this for different output formats 

sub report 

{ 



 

102 

   my ( $recordName,$position,$lastposition,$length, $seq) = @_; 

   print ">". $recordName. "\t" .$position. "\t" .$lastposition."\t". $length. "\n".$seq."\n"; 

} 

 

 

sub scanSeq # do the reqexp 

{ 

   $sequence =~ s/[*]//; # get rid of any asterisks! 

   #print "\$sequence=$sequence\n"; 

 

   # this could also be done as four replications of the while loop, each one 

   # using a different regular expression. 

   while ($sequence =~ 

m/([YC].G.[FVLKWYI].{1,3}[GNDH].{3}[GN].[GA].{6}[GNQE].{2}|[YF].G.[MWFLVY

S].{1,3}[GADTISKNYHL].{2,3}[GEASR].[GAC].{6}[GSKQDRHLFNTYAW].{2}|[YF].[

GCA].{1,14}[GTRSEQTNVIKALCF].{1,8}[GSQTNKRYLAPHDFWME].{1,3}|[YF].[AG

C].{1,4}[GNADESKFHQTCLY].{1,6}[GFAS].{1,9})/ig) 

 

           { 

                $start = $-[0]; 

                $end = $+[0]; 

                $length = $end - $start; 

                $matched_seq = $1; 

                report($recordName,$start + 1,$end,$length, $matched_seq) if $length == 23; 

 

                pos($sequence) = $start + 1; # let next check start right after the last match started 

           } 

 

} 
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Figure 1. AtPIP5K MORN domains have the necessary phylogenetic information to separate 
the PIP5K proteins into separate clades. 
A. PIP5K domains of AtPIP5K proteins cluster in 4 clades with PIP5K proteins from 
subfamily B clustering in 3 clades (blue, red and green), and subfamily A proteins in a 
separate clade (black). B. MORN domains of AtPIP5K proteins cluster in the same three 
clades.     
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A 

 
B 

 
 

Figure 2.  The alignments of PSI-BLAST of AtPIP5K MORN repeats 1 and 2 are not 
continuous. 
A. MORN repeat 1 PSI-BLAST example of alignment.  B. MORN repeat 2 PSI-BLAST 
example of alignment.    
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Figure 3. Entropy plots of plant, animal and bacteria MORN repeats. 
A. Individual entropy of plant, animal and bacteria MORN repeats at 23 amino acid sites and 
B. Group entropy of plant, animal and bacteria MORN repeats. Arrows indicate sites that 
show changes between Individual Entropy and Group Entropy plots. 
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Table 1. Statistical analysis comparing the physiochemical characteristics of each amino acid 
position between Plant, Animal and Bacteria MORN repeats. 
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Figure 4. Comparison of entropy plots between MORN protein and PIP5K protein MORN 
repeats. 
A. Individual entropy of plant MORN proteins and PIP5K MORN repeats at 23 amino acid 
sites and B. Group entropy of MORN and PIP5K protein MORN repeats. 
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Table 2. Statistical analysis comparing the physiochemical characteristics of each amino acid 
position between MORN and PIP5K protein MORN repeats. 
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Figure 5.  Phylogenetic tree of 307 MORN repeats from plant PIP5K proteins.  
Proteins with At least 7 MORN repeats by the neighbor joining method in MEGA.  The 
evolutionary distances were computed using the Poisson correction method and are in the 
units of the number of amino acid substitutions per site with a total of 23 sites. MORN 
repeats position from the N-terminus of the protein were color coded 1 purple, 2 teal, 3 red, 4 
black, 5 blue, 6 yellow and 7 green. 
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Figure 6.  Phylogenetic tree of 239 MORN repeats from plant MORN proteins.  
Proteins with at least 7 MORN repeats by the neighbor joining method in MEGA. The 
evolutionary distances were computed using the Poisson correction method and are in the 
units of the number of amino acid substitutions per site with a total of 23 sites. MORN repeat 
position from the N-terminus of the protein were color coded 1 purple, 2 teal, 3 red, 4 black, 
5 blue, 6 yellow and 7 green. 
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Figure 7. Group entropy of plant MORN domain from InterPro. 
Group entropy of plant MORN domains consisting of 175 amino acid sites from the InterPro 
database.  
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CHAPTER 4 

Summary and Future Directions 
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Summary 
 
 This thesis provides a review of the current research on the plant nuclear 

phosphoinositide (PI) pathway, and studies of the effects of altering the plant nuclear PI 

pathway.  Nicotiana tabacum cells with increased nuclear PtdIns(4,5)P2 had decreased 

histone acetylation, decreased retinoblastoma phosphorylation and decreased BrdU 

incorporation.  The unique N-terminal plant PIP5K MORN domain was compared with 

animal and bacteria MORN domains.  Quantitative analysis of the MORN domain repeats 

identified residues that are conserved and species specific.  Study of the plant nuclear 

phosphoinositide pathway is progressing, but many research questions have yet to be 

addressed.   

 
Future Directions 
 
 Most of the plant nuclear proteins that bind inositol phospholipids and inositol 

phosphates (PI) have not been identified or characterized as lipid binding proteins.  In animal 

cells inositol phospholipids and inositol phosphates bind proteins from transcription factors 

to histones (Lewis et al., 2010).  A nuclear lipid code (similar to the histone code) has been 

hypothesized where the specific phospholipid subnuclear localization, amount and 

appearance can have specific effects on nuclear functions. (Maraldi, 2008).  In order to 

identify what the nuclear lipid code in plant cells affects, the nuclear proteins that bind lipids 

must be identified.  There are multiple approaches to identifying lipid binding proteins. 

 Identification of phospholipid binding proteins is complex because hydrophobic 

proteins are not easily soluble, and the detergents used to solubilize them interfere with 

binding assays.  Neomycin is known to bind PtdIns(4,5)P2, and was applied to isolated 

animal nuclei to solubilize/release PtdIns(4,5)P2-binding proteins.  Neomycin treated and 

untreated soluble fractions from nuclei have been compared to identify 349 proteins removed 

from nuclei with neomycin and 70 of which are confirmed PtdIns(4,5)P2-binding proteins. 

(Lewis et al., 2010)  A similar approach could be used for plants. Isolated plant nuclei could 

be treated with neomycin to solubilize/release proteins that were binding lipids including 

PtdIns(4,5)P2.Nuclei labeled with 13C are treated with Neomycin to solubilize nuclear 

proteins and nuclei with 12C are treated with control buffer to solubilize background proteins.  
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The soluble proteins are combined and comparative mass spectrometry of the 13C/12C ratio 

could be compared to quantify the proteins released during neomycin treatment.  Neomycin 

treatment does not use detergents.  Once, potential lipid binding proteins have been 

identified, the soluble nuclear fraction treated with or without neomycin, the lipid binding 

specificity can be characterized using different bound PI phospholipids (i.e. PtdIns, PtdInsP, 

and PtdIns(4,5)P2) to further verify PtdIns(4,5)P2 binding proteins.  Further studies testing 

the affects of lipids on protein function and localization would be needed to assess their 

function and role in the nuclear code.  

 Lipid binding domains are important for enzyme function, protein localization, and 

protein interaction.  Plant homeodomain proteins are a classic example of a protein binding 

and lipid binding domain (Mellor, 2006).  The membrane occupation and recognition nexus 

(MORN) domain is another protein interaction and lipid binding domain.  The conservation 

of a MORN domain protein in all species makes expression of the plant MORN domain 

containing proteins in bacteria cells difficult.  If in vitro expression of the MORN domain 

with a six-histidine tag could produce stable MORN domain, it could be used for plasma 

membrane, cytosolic and nuclear protein pull downs.  Comparison of the proteins identified 

in the soluble nuclear protein pull-down, that are not found in plasma membrane and 

cytosolic fractions, would identify the nuclear proteins interacting with MORN domains.   

 A large number of lipid binding domains have yet to be characterized in plants.  In 

Arabidopsis alone, there are 11 Tubby-like proteins (Yang et al., 2008), 11 Phox (PX) 

homology domains (SMART), 15 membrane occupation and recognition nexus (MORN) 

domain containing proteins, 4 N-WASP like proteins (AtSCAR1-4), 66 C1 domains 

(SMART), 123 C2 domains (SMART), 23 FYVE domain containing proteins (PFAM) and 

160 StAR-related lipid transfer domain-containing proteins (SMART).  Clearly, 

characterization of lipid binding domains is critical to understanding the roles of lipids in 

plant function.  For example, a variety of START domain containing proteins (Glabra2 

(GL2), Revoluta (Rev), Phabulosa (PHB) and Phavoluta (PHV)) are associated with plant 

development, but have not been characterized for lipid binding.  Further research is needed to 

identify the functions of lipids and the PI pathway in plants.      
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Appendix A 
 
Nuclear lipid assays from osmotically stressed cells  
 
Osmotically stressed cells have increased nuclear PIP5K activity  
 
 NT and HK nuclei were isolated from control and osmotically stressed cells. Nuclei 

were assayed for PIK, PIP5K and DAGK activity with the PIP5K assay conditions (50 mM 

Tris/HCl (pH 7.5),10 mM MgCl2, 1 mM Sodium molybdate, 0.1% Triton, 100 µM  [32P] 

ATP (74 kBq /reaction), 125 µM PtdIns4P) and PI4K assay (30 mM Tris (pH 7.2), 7.5 mM 

MgCl2, 1 mM Sodium molybdate, 361.7 µM PtdIns, 0.2% (v/v) Triton X-100, 100 µM ATP 

(74 kBq /reaction)). The reactions were stopped and lipids were extracted and separated on  

Partisil LK5D TLC plates (Whatman Inc., Maidstone, England) with chloroform (CHCl3) : 

methanol (MeOH) : concentrated ammonia (NH4OH) :water (90:90:7:22, v/v/v/v) as a 

solvent as previously described (Im et al., 2007). Incorporation of 32P was monitored with 

autoradiography.   

 Qualitative analysis of PIP5K and PI4K assays show increased PtdIns(4,5)P2 in PI4K 

assay conditions.  Assay conditions for PIP5K and PI4K assays did not have the same pH, 

Tris concentration, or Triton concentration.  Therefore, it is impossible to quantitatively 

compare the affect of substrate on PtdIns(4,5)P2 production.  The increase of PtdIns(4,5)P2 in 

osmotically stressed nuclei shows that abiotic stress can affect nuclear PIP5K activity.      
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Figure 1. NT nuclei have increased PtdIns(4,5)P2 under osmotically stressed conditions. 
Nuclei isolated from osmotically stressed protoplasts and control cells assayed with PIP5K 
and PI4K conditions and [32P] and imaged with thin layer chromatography.  
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Appendix B 
 
Nuclear lipid assays with phosphatidylinositol, phosphatidylinositol 3 phosphate, and 
phosphatidylinositol 5 phosphate 
 
Nuclei show increased PtdIns(4,5)P2 with PtdIns, PtdIns(3)P, and PtdIns(5)P substrate. 
 

Nuclei were assayed for PIK, PIP5K and DAGK activity with 10 µg of protein for 10 

min using the conditions previously described for plasma membrane and microsome activity 

assays (Im et al., 2007; Perera et al., 2002), with the following modifications. The ATP 

concentration was increased to 100 µM with 74 kBq of [P]ATP .nmole-1 total ATP per 

assay because of competing reactions in the nuclear preparations. Exogenous substrates 

PtdIns, PtdIns4P, PtdIns3P and PtdIns5P (at a concentration of 125 M) were applied in 

0.01% Triton X-100. 
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Figure 1. HK nuclei have increased PIP5K activity with PtdIns.  

NT (white) and HK (striped) nuclei were assayed for endogenous lipid kinase activity with 
added PtdIns4P and PtdIns. [32P]PtdInsP2 (A), [32P]PtdInsP (B) and [32P]PtdOH (C) are 
reported as % of total [32P]. Measurements are the average of two samples. 
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Figure 2. HK nuclei have increased PIP5K activity with PtdIns3P and PtdIns5P.  

NT (white) and HK (grey) nuclei were assayed for endogenous lipid kinase activity with 
added PtdIns4P, PtdIns3P and PtdIns5P. [32P]PtdInsP2 (A) and [32P]PtdInsP (B) are reported 
as % of total [32P]. Measurements are the average of two samples. 

 Quantitative analysis of HK nuclei PIP5K assays show increased PtdIns(4,5)P2 

compared with NT nuclei with PtdIns, PtdIns3P and PtdIns5P, but not with PtdIns4P.  The 

increased PtdIns(4,5)P2 in all substrate conditions but the PtdIns4P, and under endogenous 

conditions (Chapter 2) suggests that PtdIns4P inhibits substrate delivery to the PIP5K or 

inhibits PI4K.       
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Appendix C 
 
Imaging of NT and HK nuclei with 3D Deconvolution Confocal Microscopy 
 
 NT and HK cells were fixed per Dr. Hank Bass’s lab protocols and sent on ice to be 

imaged with 3D deconvolution confocal microscopy.  NT nuclei showed more defined and 

more numerous chromocenters (Figure 1).  HK cells are slightly smaller than NT cells, 

therefore the size of isolated NT and HK nuclei were measured by diameter on pictures from 

a compound microscope, but no significant difference was detected between the two (Figure 

2). Further research is needed to determine whether or not the chromocenters and 3 

dimensional structure of the HK nucleus is different from NT nuclei.  
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Figure 1. NT and HK Cells were fixed in formaldehyde, stained with DAPI, and subjected to 
3D deconvolution imaging.   
Maximum intensity projections are shown. The expression of HsPIPK1α in the tobacco cell 
line (HK cells) resulted in a reduction in the number and apparent brightness of 
chromocenters (arrows), which are regions of chromatin compaction usually associated with 
heterochromatin.  Scale bars are 10 microns  This observation is consistent with D. 
melanogaster Skittles mutants in which decreased PIPK and PtdInsP2 was associated with 
increased heterochromatin (Cheng and Shearn, 2004). 
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Figure 2.  NT and HK nuclei are the same size. Over 35 nuclei from each cell type were 
measured at the widest diameter.   
Averages and standard deviation are reported.  
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Appendix D 
 
Histone PIP5K protein interactions 
  
 In Drosophila, the nuclear PIP5K, skittles, was important for chromatin remodeling. 

Histones, the major protein in chromatin remodeling, and PIP5K proteins bind both lipids 

and other proteins.  Histone pull-downs were used to determine if PIP5K proteins and 

histones interact.   

 GST alone did not bind histones, but all PIP5K proteins tested, including HsPIP5K1α, 

showed some interaction with the histone proteins.  The wheat histones (generously provided 

by Dr. Steve Spiker) bound differentially with the full length AtPIP5K1 protein and the 

ΔMORN protein.  Further protein interaction studies are needed between PIP5K proteins and 

histones to determine if all histones bind PIP5K proteins, or if specific histones or 

specifically modified histones bind the PIP5K proteins.  
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Figure 1.Interaction of PIP5K proteins with histones.  
Histone pull-downs were performed with 1x PBS at pH 7.4 or 0.1% or 0.05% NP40 in 
50mM Tris pH 7.4, 150mM NaCl with approximately 1 mM of total wheat histones (histone) 
per reaction (7.1 mg of histone in 500mL).  Histone (identified by dot  or arrow) was 
recovered with GST-HsPIP5K1a (7mg), GST-AtPIP5K1(5mg) and GST-ΔMORN (3.5mg, 
AtPIP5K1 without the MORN domain), but not with GST control (7mg per lane) or GST-
AtPIP5K10 (2mg per lane).  Histone was also recovered with AtPIP5K9 but not with the 
MORN region alone (data not shown) BC marks the Glutathione Sepharose bead control. 
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Appendix E 
 
Protein localization of Human phosphatidylinositol 4-phosphate 5-kinase 1α in 
Nicotiana tabacum cells by GFP.  
 
Dr. Marcela Rojas-Pierce performed confocal imaging.  
 
 Nicotiana tabacum suspension cell culture (NT-1) was used to express NLS-GFP-Gus 

as a control and GFP-HsPIP5K1α.  Perinuclear fluorescence in GFP-HsPIP5K1α was 

increased compared to wild type NT-1 cells.  NLS-GFP-Gus cells created by tDNA insertion 

of the PXK7S*NF2 vector are a control for nuclear GFP fluorescence.  The lack of plasma 

membrane fluorescence in HsPIP5K1α cells may be due to changes in the protein 

localization or expression.  
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Figure 1. HsPIP5K1α cells have increased perinuclear fluorescence. 
A. NT-1 cells imaged for GFP fluorescence and DIC. B. HsPIP5K1α cells imaged for GFP 
fluorescence and DIC, and merged GFP, DIC image.  C. NLS-GFP-Gus cells imaged for 
GFP fluorescence and DIC. 


